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INTRODUCTION 

Our r e c e n t  development o f  a new procedure f o r  t h e  d e n s i t y  s e p a r a t i o n  o f  macerals 
o f fe rs  a method f o r  o b t a i n i n g  h i g h  r e s o l u t i o n  separa t i on  of t h e  maceral groups: 
e x i n i t e ,  v i t r i n i t e ,  and i n e r t i n i t e ,  and can f u r t h e r  r e s o l v e  i n d i v i d u a l  maceral 
types, e.~., s p o r i n i t e  (1,Z). The procedure u t i l i z e s  wel l -known techniques o f  
d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  (DGC) t o  separa te  t h e  coa l  i n t o  i t s  components i n  a 
cont inuous aqueous CsCl d e n s i t y  g rad ien t .  T h i s  r e s u l t s  i n  a s e r i e s  o f  bands 
r e p r e s e n t i n g  t h e  d e n s i t y  v a r i a t i o n s  i n  maceral groups and maceral types. The 
g r a d i e n t  i s  then d i v i d e d  i n t o  convenient  s i z e  f r a c t i o n s ,  t h e  coa l  i n  each f r a c t i o n  
i s  i s o l a t e d  and m ic rope t rog raph ic  analyses a r e  per formed on s e l e c t e d  f r a c t i o n s .  I n  
a d d i t i o n  t o  p r o v i d i n g  pure m a t e r i a l s  f o r  f u r t h e r  work, a d e n s i t y  f i n g e r p r i n t  o f  a 
coa l  i s  produced. The observed changes i n  d e n s i t y  a re  r e l a t e d  i n  a complex way t o  
the  chemical s t r u c t u r e  o f  t he  coa l  o r  maceral ( 3 ) .  I n  o r d e r  t o  b e t t e r  understand 
t h e  chemical v a r i a t i o n s  o c c u r r i n g  i n  coa l  macerals we have examined t h e  u l t i m a t e  
a n a l y s i s  o f  se lec ted  d e n s i t y  f r a c t i o n s  separated f rom t h e  same c o a l .  

EXPERIMENTAL 

Separat ion 

The bas i c  procedures f o r  DGC s e p a r a t i o n  o f  maceral s w i t h  advantages and 
disadvantages has been d iscussed p r e v i o u s l y  (1,2). To summarize, t h e  coa l  i s  ground 
t o  -3 m ic ron  average p a r t i c l e  s i ze ,  c h e m i c a l l y  demine ra l i zed  and separated on a 
d e n s i t y  g rad ien t .  The g r a d i e n t  i s  then d i v i d e d  i n t o  f r a c t i o n s  o f  -0.01 g/cc range 
and each f r a c t i o n  i s  then f i l t e r e d ,  washed, and d r i e d .  

A n a l y s i s  

Because o f  t h e  small  samples o f t e n  generated, u l t i m a t e  a n a l y s i s  o f  s e l e c t e d  d e n s i t y  
f r a c t i o n s  was performed w i t h  a Perk in-Elmer 240 C, H, N Ana lyze r  u s i n g  a mod i f i ed  
bu rn  procedure which i n c l u d e s  i n c r e a s i n g  t h e  t ime  o f  b u r n  and t h e  amount o f  02 used 
i n  t h e  burn. Good c o r r e l a t i o n  ( r 2  = .98) w i t h  ASTM methods was found f o r  a range of 
c o a l s  from sub-bituminous t o  a n t h r a c i t e s .  

RESULTS AND DISCUSSION 

A l l  t h e  c o a l s  used here were ob ta ined  f rom t h e  Pennsylvania S t a t e  U n i v e r s i t y  Coal 
Data Base. The da ta  f o r  t h e  c o a l s  a r e  g i ven  i n  Table I .  The separa t i on  o f  a l l  
t hese  c o a l s  was performed i n  t h e  same way and a l l  t h e  c o a l s  were r e s o l v e d  t o  the  
same degree. We have p r e v i o u s l y  p u b l i s h e d  d e t a i l e d  s e p a r a t i o n  da ta  on t h e  h igh  
v o l a t i l e  B b i tuminous coa l ,  PSOC-106, which gave good y i e l d s  o f  a l l  t h r e e  maceral 
groups (1,3). The e x i n i t e  i n  t h i s  coal  i s  ma in l y  s p o r i n i t e ,  w h i l e  t h e  i n e r t i n i t e  i s  
m a i n l y  s e m i - f u s i n i t e .  F i g u r e  l a  shows t h e  d i s t r i b u t i o n  o f  t h e  pure maceral 
p a r t i c l e s  as a f u n c t i o n  of d e n s i t y  f o r  PSOC-106. Pure maceral p a r t i c l e s  r e f e r  t o  
those  p a r t i c l e s  which by o p t i c a l  microscopy a r e  composed o f  o n l y  one maceral 
species. 

*Work performed under t h e  auspices o f  t h e  O f f i c e  o f  Bas ic  Energy Sciences, D i v i s i o n  
of Chemical Sciences, U. S .  Department o f  Energy, under C o n t r a c t  W-31-109-Eng-38. 

F i g u r e  l b  shows t h e  co r respond ing  atomic r a t i o s  H/C, S/C, N/C,and O/C.  
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The s e l e c t e d  f r a c t i o n s  ana lyzed  r e p r e s e n t  d e n s i t y  f r a c t i o n s  c o n s i s t i n g  o f  a t  l e a s t  
88% ( v o l . )  o f  a s i n g l e  maceral spec ies.  The l i n e s  connec t ing  s e t s  o f  p o i n t s  between 
maceral groups must n o t  be taken  l i t e r a l l y .  These i n t e r m e d i a t e  reg ions  c o n s i s t  of 
p a r t i c l e s  w i t h  two o r  more macera ls  composing a s i n g l e  p a r t i c l e  o r  two d i s t i n c t  
p o p u l a t i o n s  o f  pu re  maceral p a r t i c l e s .  Thus, whether o r  n o t  t h e  connect ing l i n e s  
between maceral groups r e p r e s e n t  t h e  atomic va lue  i n  t h a t  reg ion,  t h e i r  on l y  purpose 
f o r  t h i s  d i s c u s s i o n  i s  t o  a i d  t h e  eye i n  f o l l o w i n g  t rends  between maceral groups. 

The H/C r a t i o  e x h i b i t s  a v e r y  l a r g e  range o f  va lues over  t h e  e n t i r e  c o a l :  from 1.13 
a t  the l o w e s t  d e n s i t y  m o n i t o r e d  t o  0.48 a t  t h e  h i g h e s t  d e n s i t y .  The S/C r a t i o s  
f o l l o w  a s i m i l a r  t rend :  w i t h  t h e  h i g h e s t  s u l f u r  va lues i n  e x i n i t e s  and the lowest  
i n  i n e r t i n i t e s .  These s u l f u r  va lues  r e p r e s e n t  a lmost  a l l  o rgan ic  s u l f u r  s ince 
p y r i t i c  s u l f u r  has been e l im ina te !  by the, separa t i on  procedure. The S / C  data i s  
c o n s i s t e n t  w i t h  da ta  found  by an i n  s i t u  method o f  s u l f u r  a n a l y s i s  i n  coal ( 4 ) .  
Because of t h e  n a t u r e  o f  t h e  s e p a r a t i o n  method we can a l s o  see s i g n i f i c a n t  
v a r i a t i o n s  n o t  o n l y  between macera l  groups, b u t  w i t h i n  each maceral group. F igu re  2 
i s  an a t tempt  t o  p r o v i d e  some i d e a  o f  t h e  magnitude o f  v a r i a t i o n  t h a t  e x i s t s  i n  the 
H/C r a t i o  i n  t h e  t h r e e  maceral groups. The d i s t r i b u t i o n s  a r e  incomplete because o f  
o v e r l a p p i n g  o f  maceral bands o r  composi te  maceral p a r t i c l e s  which g i v e  u n r e l i a b l e  
data.  Tab le  I 1  r e p r e s e n t s  t h e  range o f  H/C va lues f o r  each band and combined w i t h  
p rev ious  1% w i t h  s o l i d  p robe  nmr data f o r  f , shows t h e  r i n g  i ndex  o r  number o f  
r i n g s  p e r  100 carbon atoms. The da ta  f o r  30% o f  t h e  coa l  r e f e r s  t o  the  coal 
cen te red  around t h e  peak va lue .  The r i n g  index i n c l u d e s  a l l  aromat ic ,  a l i p h a t i c ,  
and h e t e r o c y c l i c  r i n g s .  The number o f  r i n g s  per  100 carbons i s  rough ly  t h e  same f o r  
a l l  t he  maceral groups and i n d i c a t e s ,  as expected, t h a t  t hey  a r e  a l l  h i g h l y  
condensed species. However, t h e  r a t i o  o f  a romat i c  t o  a l i p h a t i c  r i n g s  increases 
d r a m a t i c a l l l y  f rom e x i n i t e s  t o  i n e r t i n i t e s .  E x i n i t e  tends t o  e x h i b i t  wide 
v a r i a t i o n s  i n  i t s  compos i t i on ,  w h i l e  v i t r i n i t e  and i n e r t i n i t e  a r e  somwhat l e s s  
v a r i a b l e .  I n  a l l  cases, though,  t h e  i n d i c a t i o n s  a r e  t h a t  s u b s t a n t i a l  v a r i a t i o n s  i n  
each maceral group a r e  b e i n g  observed by t h e  d e n s i t y  separa t i on  method. The oxygen 
and n i t r o g e n  da ta  a l s o  show s t r o n g  v a r i a t i o n s  w i t h i n  t h e  e x i n i t e s  and v i t r i n i t e s ,  
w h i l e  i n e r t i n i t e s  do no t .  

I n  F i g u r e  3 we have used t h e  g r a p h i c a l  dens ime t r i c  method t o  show how t h e  r i n g  index 
v a r i e s  w i t h  t h e  d e n s i t y  o f  t h e  macera ls  ( 5 ) .  As can be seen t h e  da ta  p a r a l l e l s  the  
i nc rease  i n  a r o m a t i c i t y .  

The change i n  atomic r a t i o s  a r e  n o t  un ique t o  t h e  p a r t i c u l a r  coa l  PSOC-106. F igures 
4a and 4b show da ta  on t h r e e  more b i tum inous  c o a l s  which c o n t a i n  s u b s t a n t i a l  amounts 
o f  a l l  t h r e e  maceral groups. (The ve ry  h i g h  H/C va lue  o f  1.4 f o r  PSOC-297 i s  due t o  
a l g i n i t e  i n  t h i s  coal . )  A l though  a l l  t h e  c o a l s  e x h i b i t  t h e i r  own c h a r a c t e r  i n  t h e  
magnitude and range of t h e  H/C va lues ,  t hey  a l l  show s i g n i f i c a n t  chemical changes 
across each maceral band i n  a s i m i l a r  manner t o  PSOC-106. S i m i l a r  data a l s o  holds 
f o r  c o a l s  t h a t  c o n t a i n  *95% v i t r i n i t e .  

What do these  v a r i a t i o n s  r e p r e s e n t ?  There a r e  a number o f  f a c t o r s  which can be 
i nvoked  t o  e x p l a i n  t h e  changes observed. Each o f  t h e  t h r e e  ma jo r  maceral groups i s  
composed of sub-macerals (maceral t y p e s ) .  E x i n i t e  i s  composed o f  t h e  maceral types: 
s p o r i n i t e ,  r e s i n i t e ,  a l g i n i t e ,  c u t i n i t e .  S ince t h e  source m a t e r i a l s  f o r  each 
maceral t y p e  had d i f f e r e n t  chemical  s t r u c t u r e s  some a r t i f a c t  o f  these d i f f e r e n c e s  
would be expected t o  remain. T h i s  i s  one source o f  v a r i a t i o n .  Moreover, w i t h i n  a 
s i n g l e  maceral t ype  i t s e l f  s i g n i f i c a n t  p e t r o g r a p h i c  changes can be observed. Fo r  
example, d i f f e r e n t  spore spec ies  show d i f f e r e n t  f l uo rescence  c o l o r ,  and c o l l i n i t e  
and s e m i - f u s i n i t e  can have b road  r e f l e c t a n c e  ranges w i t h i n  a coa l .  A l l  these 
m i c r o s c o P i c a l l Y  observable changes suggest d i f f e r e n c e s  i n  chemical s t r u c t u r e .  
Q u a l i t a t i v e l y ,  we do see r e g u l a r  v a r i a t i o n s  i n  f l uo rescence  and r e f l e c t a n c e  across 
t h e  maceral bands. It i s  apparen t  t h a t  d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  can, t o  some 
e x t e n t ,  i s o l a t e  these p h y s i c a l  and chemical  v a r i a t i o n s  and, i n  a sense, p r o v i d e  more 
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homogeneous materials.  However, the chemical var ia t ions  we see by DGC have t o  be 
\ considered as lower limits of the chemical heterogeneity expected fo r  coa l .  Since 

we are  s t i l l  dealing w i t h  d i sc re t e  p a r t i c l e s ,  i t s  dens i ty  may s t i l l  be a weighted 
average of the maceral var ian ts  comprising the p a r t i c l e ,  even though these var ian ts  
a r e  below optical  reso lu t ion .  Further grinding may separa te  these var ian ts ,  but 
problems of mechanochemistry and surface problems may then become s ign i f i can t .  

CONCLUSIONS 

Substantial  var ia t ion  i n  the chemical behavior of macerals has been shown f o r  a 
number of coals.  Density gradient techniques can provide b e t t e r  defined, more 
homogeneous materials as  well as  provide a lower limit on the  heterogeneity.  
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COMPUTERIZED PYROLYSIS MASS SPECTROMETRY OF COAL MACERAL CONCENTRATES 

Henk L.C. Meuzelaar, Alice M. Harper and Ronald J. Pugmire 

University of Utah, Salt Lake City, Utah 84112 

INTRODUCTION 

A few pyrolysis mass spectra of purified coal maceral concentrates have 
appeared in the literature [l-41 showing the presence of more or less pronounced 
differences between the spectra of vitrinites, fusinites, sporinites and alginites. 
However, these studies did not attempt to distinguish between the possible effects 
of rank or depositional environment on the spectra and the more basic structural 
differences between maceral types. 

strated by Meuzelaar et uZ. [5,6] in a study of over 100 Rocky Mountain coal 
samples by Curie-point pyrolysis mass spectrometry (Py-MS) in combination with com- 
puterized multivariate statistical analysis of the data. 
the same analytical approach is used to characterize a set of 30 selected maceral 
concentrates. 

EXPERIMENTAL 

Recently, the feasibility of distinguishing between these effects was demon- 

In the present study, 

The maceral concentrates analyzed are listed in Table I .  Seventeen samples 

Most of these were obtained through 

Thirteen maceral concentrate fractions 

originated from the maceral collection of the British National Coal Board and had 
been prepared by the sink/flotation method. 
Dr. Given at Penn State University who redistributed these samples to different 
groups as part of a cooperative study [7]. 
were prepared from two US coals by the cesium cloride gradient centrifugation 
method [8]. 

suspended in 1 ml of methanol. Two 5 microliter drops of this suspension were 
coated on the ferromagnetic filaments used in Curie-point pyrolysis. 
description of the sample preparation and Curie-point Py-MS methods has been given 
elsewhere [4,6]. The Py-MS system used was an Extranuclear 5000-1 Curie-point 
pyrolysis MS system based on a quadrupole mass spectrometer. 
tions were as follows: sample weight 20 ug, Curie-point temperature 610°C, 
temperature rise time 5 s, total heating time 10 s, electron impact ionization 
energy 12 eV, mass range m/z 20-260, scanning speed 1000 amu/s, total scanning time 
25 s. All samples were analyzed in triplicate. Data processing involved the use 
of computerized signal averaging followed by spectrum calibration, normalization 
and scaling procedures. Multivariate statistical analysis, e.g. factor analysis, 
'procedures involved the use of SPSS [9] and ARTHUR [lo] program packages. 

Samples were ground to 300 mesh under liquid nitrogen and 4 mg aliquots were 

A detailed 

Experimental condi- 

RESULTS AND DISCUSSION 

Three pyrolysis mass spectra averaged over all vitrinites, inertinites and 
exinites (sporinites) respectively are shown in Figure. 1. 
each maceral group agrees quite well with the spectra published by other authors 
[l-41, with vitrinites showing prominent phenolic series, fusinites being dominated 
by aromatic hydrocarbon signals and sporinites showing marked alkene peaks. 
subtle differences - the significance of which can only be appreciated with the 
help of computerized data analysis techniques - will be discussed later. 
direct measure of rank in high volatile bituminous coals [5,6] and believed to 
represent dihydroxybenzenes and methyldihydroxybenzenes respectively. 
intensities in Figure 2 indeed appear to correspond more or less directly with 

The overall pattern of 

More 

Figure 2 shows a scatter plot of m/z 110 us .  124, two peaks known to provide a 

The peak 
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carbon c o n t e n t  and t o  be l a r g e l y  independent  o f  maceral t ype .  I n  o t h e r  words, if 
carbon c o n t e n t  i s  accepted as a measure o f  t h e  rank  o f  whole c o a l s  then  a p l o t  of 
m/z 110 US. 124 w i l l  r e f l e c t  t h i s  r a n k  measure i n  s p i t e  o f  p o s s i b l e  d i f f e r e n c e s  i n  
maceral composi t ion.  However, i t  h a r d l y  needs t o  be p o i n t e d  o u t  t h a t  t h e  l a r g e  
d i f f e r e n c e s  i n  carbon c o n t e n t  between macera ls  f rom t h e  same coa l  (see Tab le  I )  
i l l u s t r a t e  t h e  inadequacy o f  u s i n g  carbon c o n t e n t  as a c o a l i f i c a t i o n  parameter f o r  
c o a l s  w i t h  markedly  d i f f e r e n t  macera l  compos i t i ons .  

F i g u r e  3 shows a s c a t t e r  p l o t  o f  t h e  peak i n t e n s i t i e s  o f  m/z 34 vs. 122, two 
peaks known t o  be i n f l u e n c e d  s t r o n g l y  by d i f f e r e n c e s  i n  d e p o s i t i o n a l  environment 
[5,6] and though t  t o  r e p r e s e n t  hydrogen s u l f i d e  and Cp-a1 k y l p h e n o l s  r e s p e c t i v e l y .  
I n  a p rev ious  s tudy  o f  whole c o a l s  f rom t h e  US Rocky Mounta in coa l  p r o v i n c e  the  i o n  
i n t e n s i t y  a t  m/z 34 was found t o  c o r r e l a t e  s t r o n g l y  w i t h  o r g a n i c  s u l f u r  con ten t .  
However, i n  t h i s  s tudy  i n s u f f i c i e n t  d a t a  were a v a i l a b l e  on o r g a n i c  s u l f u r  con ten t  
t o  a t tempt  such a c o r r e l a t i o n .  Never the less  a crude c o r r e l a t i o n  appears t o  e x i s t  
w i t h  t o t a l  s u l f u r  con ten t .  
t h e  a l k y l p h e n o l  peak i n t e n s i t i e s  a t  m/z 122 show a rough  n e g a t i v e  c o r r e l a t i o n  w i t h  
rank .  Never the less,  f o u r  of t h e  B r i t i s h  v i t r i n i t e s  show much h i g h e r  peak i n t e n s i t y  
va lues  a t  m/z 122 than  t h e  US v i t r i n i t e s  o f  comparable rank .  T h i s  i s  n o t  s u r p r i s -  
i n g ,  s i n c e  d i f f e r e n c e s  i n  h y d r o x y l  c o n t e n t  between c o a l s  f rom d i f f e r e n t  depos i t i ona l  
env i ronments have a l s o  been r e p o r t e d  [ll]. 

F i n a l l y ,  t h e  h i g h  i n t e n s i t y  o f  m/z 122 i n  t h e  D u n s i l  seam i n e r t i n i t e ,  compared 
t o  t h e  o t h e r  i n e r t i n i t e s  shou ld  be noted.  T h i s  i s  p r o b a b l y  due t o  t h e  r e l a t i v e l y  
l ow  rank o f  t h e  D u n s i l  i n e r t i n i t e  a s  w e l l  as t o  t h e  f a c t  t h a t  t h i s  sample i s  
composed l a r g e l y  o f  s e m i f u s i n i t e .  A l l  s e m i f u s i n i t e - r i c h  samples i n c l u d e d  i n  t h i s  
s t u d y  (see Tab le  I )  e x h i b i t  mass s p e c t r a l  p a t t e r n s  wh ich  tend t o  be i n t e r m e d i a t e  
between f u s i n i t e s  and v i t r i n i t e s  (compare a l s o  t h e  two B a l l a r a t  seam samples i n  
F i g u r e  3)  which i s  i n  agreement w i t h  p r e s e n t l y  accepted views on t h e  o r i g i n  o f  
s e m i f u s i n i t e s  f rom p a r t l y  c h a r r e d  wood [12]. 

I n  v iew o f  t h e  presence o f  s t r o n g l y  c o r r e l a t i n g  s e r i e s  o f  homologous i o n s  i n  
a l l  maceral spec t ra ,  as shown i n  F i g u r e  1, f a c t o r  a n a l y s i s  was per formed t o  reduce 
t h e  apparent  d i m e n s i o n a l i t y  o f  t h e  d a t a  and t o  b r i n g  o u t  t h e  major  u n d e r l y i n g  
chemical  tendencies.  
peaks with h i g h e s t  r a t i o ' s  f o r  "between ca tegory "  and " w i t h i n  ca tegory "  va r iance  
( w i t h  each s e t  o f  t h r e e  r e p l i c a t e  s p e c t r a  per  sample s e r v i n g  as a separa te  ca te -  
go ry ) .  
groups, w i t h  v i t r i n i t e s  occupying an i n t e r m e d i a t e  p o s i t i o n  between f u s i n i t e s  and 
e x i n i t e s .  
amazingly  w e l l  w i t h  t h e  co r respond ing  B r i t i s h  macera ls .  
t o  show a p o s i t i v e  c o r r e l a t i o n  w i t h  d i f f e r e n c e s  i n  sample d e n s i t y .  

macera l  groups caus ing  t h e  s e p a r a t i o n  i n  F i g u r e  4 a spectrum o f  t h e  f i r s t  f a c t o r ,  
c a l c u l a t e d  acco rd ing  t o  a procedure desc r ibed  by Windig e t  uZ. [13], i s  shown i n  
F i g u r e  5. 
w i t h  r e l a t i v e l y  h i g h  i n t e n s i t i e s  i n  i n e r t i n i t e s  (compare w i t h  F igu re  4 )  and i s  
t h o u g h t  t o  r e p r e s e n t  p o l y n u c l e a r  a r o m a t i c  s e r i e s  w i t h  r a t h e r  pronounced degrees o f  
a l k y l  s u b s t i t u t i o n ,  e.g. b i p h e n y l s  and /o r  acenaphthenes, phenanthrenes and/or  
anthracenes, f l uo renes ,  e t c .  The h i g h  i n t e n s i t y  o f  t h e  r e s i d u a l  methanol s o l v e n t  
peak groups a t  m/z 30-33 i n  i n e r t i n i t e s  may w e l l  r e f l e c t  t h e  l o n g  known c o r r e l a t i o n  
between t h e  methanol a b s o r p t i o n  c a p a c i t y  o f  a c o a l  and i t s  degree o f  c o a l i f i c a t i o n  
[141. The n e g a t i v e  component of t h e  f a c t o r  spect rum - l a r g e l y  exp la ined  by peaks 
w i t h  r e l a t i v e l y  h i g h  i n t e n s i t i e s  i n  t h e  s p o r i n i t e  samples - shows a d i s t i n c t  peak 
p a t t e r n  which we i n t e r p r e t  as r e p r e s e n t i n g  (po1y ) i sop reno ids  and/or  r e l a t e d  p o l y -  
e n i c  compounds. 
d i f f e rences  i n  o r i g i n ,  c o a l i f i c a t i o n  s tage  and p r e p a r a t i o n  technique.  
c o n t r a s t  w i t h  t h e  more o r  l e s s  c o m p l e t e l y  s a t u r a t e d  o r  aromat ized i s o p r e n o i d  
s k e l e t o n s  r e p o r t e d  i n  t h e  e x t r a c t a b l e  f r a c t i o n s  o f  c o a l s  and sha les  [15], these 
i s o p r e n o i d  f ragments l i b e r a t e d  by C u r i e - p o i n t  p y r o l y s i s  appear t o  possess a degree 
of u n s a t u r a t i o n  c o n s i s t e n t  w i t h  t h a t  found i n  many n a t u r a l l y  o c c u r r i n g  i sop reno ids .  
Whether these p o l y e n i c  s i g n a l s  a r e  d e r i v e d  f rom c a r o t e n o i d  m o i e t i e s  i n  s p o r o p o l l e n i n  

I n  agreement w i t h  Py-MS s t u d i e s  on whole c o a l s  [5 ]  

i ,  

The K-L p l o t  i n  F i g u r e  4 was ob ta ined  w h i l e  u s i n g  80 mass 
r 

F i g u r e  4 shows a c l e a r  s e p a r a t i o n  between t h e  t h r e e  d i f f e r e n t  maceral 

The d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  samples o f  t h e  two US c o a l s  b lend  i n  
Moreover, f a c t o r  I appears I ,  

To he lp  e x p l a i n  t h e  d i f f e rences  i n  chemical compos i t i on  between t h e  t h r e e  

The p o s i t i v e  component o f  t h i s  f a c t o r  spectrum i s  e x p l a i n e d  by peaks 

T h i s  p a t t e r n  i s  found i n  a l l  f i v e  s p o r i n i t e s ,  i n  s p i t e  o f  
Moreover, i n  
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[I61 or perhaps from some type of fossilized natural rubber, remains open to 
speculation at this point. 
senting the positive (inertinite) and negative (sporinite) components of factor I 
respectively, are shown in Figure 6. 

might be expected to provide peak patterns characteristic of vitrinites, few if any 
such peaks are found. In fact, factor I1 is dominated by an as yet unexplained 
Series of peaks loading on the negative component and thus representing compounds 
which are characteristically low in vitrinites as compared to inertinites and 
exini tes. 

It may be concluded that Curie-point pyrolysis mass spectrometry in combina- 
tion with multivariate statistical analysis provides valuable information on the 
specific chemical characteristics of coal maceral concentrates as well as on the 
influence of depositional environment and coalification processes. The results 
obtained appear to agree well with generally accepted views on the chemical nature 
and origin of coal macerals. Perhaps the most important new finding of this study 
is the presence of distinct peak patterns in sporinites which appear to represent 
more or less intact (po1y)isoprenoid and/or related polyenic hydrocarbon moieties. 
More detailed accounts of these studies are being published elsewhere [ 6 ] .  

Selected peak intensities at m/z 122 and 288, repre- 

Although the positive portion of the factor spectrum of factor I 1  (not shown) 

' 

, 

R Code 
1 T 
2 T 
3 M 
4 M 
5 M 
6 W 
7 W 
8 A 
9 A 
IO A 
I 1  R 
1 2  Ra 
13 Rb 
14 C 
15 C 
16 P 
17 P 

TABLE I 
MACERAL CONCENTRATES ANALYZED 

Seam ( C o l l i e r y )  
Dunsi l  (Teversa l )  
i b i d  
Barnsley (Markham) 
i b i d  
i b i d  
Wheatley Lime (Woolley) 
i b i d  
S i l ks tone  (Aldwarke) 
i b i d  
i b i d  
B a l l a r a t  (Roddymoor) 
i b i d  
i b i d  
Ge l l i deg  (Coegnant) 
i b i d  
Beeston (Peckf ie ld)  
i b i d  

NCB 5 

Samole I 

Sam l e  
I :ode 

18 E l  
19 E2 
20 E3 
21 E4 
22 E5 
23 E6 
24 51 
25 52 
26 53 
27 54 
28 S5 
29 56 
30 57 

Seam (Coal F ie ld )  Density (g/cm3) Maceral Type 
Upper Elkhorn (E. Appalachian) 1.17 SPORIN 
i b i d  1.26 VITRIN 
i b i d  1.29 VITRIN 

1.30 V I T R I N  
1.32 INERT*** 

i b i d  FZok :c] 
i b i d  
i b i d  1.36 INERT*** 
Dakota (San Juan River)  1.23 VITRIN 
i b i d  1.25 VITRIN 
i b i d  1.26 V I T R I N  
i b i d  PSOC 858 1.27 VITRIN 
i b i d  L4.2 %C] 1.30 VITRIN 
i b i d  1.32 SFUSIN 
i b i d  1.38 SFUSIN 

K/FLOTATION CONCENTRATE 
aceral 
I T R I N  
98 

6 
3 

98 
6 

96 
3 
0 

98 
5 

96 
2 

14 
89 
34 

- 
- 

nnposil - 
[NERT 

1 
93' 
9 
2 

92'* 
1 
9 
5 
1 

96f 
3 

97 
85' 
11 
66 - 

LIP1 
1 

tr. 
88 
tr. 
1 
3 

88 
95 
1 

1 

1 
0 
0 

- 

- 

El, enta l  Comi s i t i o n  - 
% C  
81.5 
87.7 
82.2 
82.2 
91.6 
87.9 
86.5 
87.2 
86.9 
92.1 
88.8 
93.9 
91.9 
91.4 
92.3 

- 

- 
glcm 
% 

% H  
5.1 
3.9 
7.4 
5.5 
3.6 
6.9 
5.6 
7.4 
5.4 
3.7 
5.3 
3.5 
4.3 
4.6 
4.2 

- 

- 
m3 

- 
% O  
0.8 
6.9 
7.3 
9.3 
4.1 
3.0 
4.9 
3.6 
4.2 
3.1 
3.6 
1.4 
3.1 
1.9 
1.9 

- 

- 

- 
% N  
2.1 
1.1 
1.1 
1.9 
0.4 
1.1 
1.8 
1.2 
1.8 
0.7 
1.7 
0.5 
0.3 
1.6 
1.1 

- 

- 

- 
2 
1.4 
1.6 
1.9 
1.3 
1.2 
1.2 
1.4 
0.7 
1.1 
0.4 
0.7 
0.8 
0.5 
0.6 
0.6 - 
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F i g u r e  2. S c a t t e r  p l o t  o f  i o n  i n t e n s i -  
t i e s  a t  m/z 110 and 124, b e l i e v e d  t o  
rep resen t  dihydroxybenzenes and me thy l -  
dihydroxybenzenes r e s p e c t i v e l y .  
E x i n i t e s  ( s p o r i n i t e s ) ,  v i t r i n i t e s  and 
i n e r t i n i t e s  a r e  rep resen ted  by c i r c l e s ,  
squares and t r i a n g l e s  r e s p e c t i v e l y .  
Index code i s  i d e n t i f i e d  i n  Tab le  I .  
S o l i d  b l a c k  symbols i n d i c a t e  US g r a d i -  
e n t  c e n t r i f u g a t i o n  samples. Note t h a t  
carbon c o n t e n t  boundar ies have n o t  
been conf i rmed f o r  US samples (Table I )  

F i g u r e l .  Averaged p y r o l y s i s  
mass spec t ra  o f  t h e  t h r e e  
maceral types analyzed. 
Homologous i o n  s e r i e s  con-  
nec ted  by s o l i d  o r  b roken  
l i n e s .  Arrows i n d i c a t e  
markedly  h i g h e r  o r  l ower  
peaks. Chemical i d e n t i f i -  
c a t i o n s  a r e  t e n t a t i v e .  
Fo r  c o n d i t i o n s  see t e x t .  

m I 

I 
I 
I 

I l o  
hA r' 

1.0 5 . 2 5  9 . 3  
./I Y ( I  f l t l l  lo" lntenslty) 

F i g u r e  3. S c a t t e r  p l o t  o f  i o n  i n t e n s i -  
t i e s  a t  m/z 34 and 122, b e l i e v e d  t o  
r e p r e s e n t  hydrogen s u l f i d e  and Cp- 
a l k y l  phenols  r e s p e c t i v e l y .  For  ex-  
p l a n a t i o n  o f  symbols, codes and 
mark ings see F i g u r e  c a p t i o n  2 and 
Table I .  Note c rude  p o s i t i v e  c o r r e -  
l a t i o n  of  m/z 34 w i t h  t o t a l  s u l f u r  
c o n t e n t  and n e g a t i v e  c o r r e l a t i o n  o f  
m/z 122 w i t h  carbon con ten t .  
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Figure 4. Karhunen Loeve p l o t  of the f i r s t  
two fac tor  scores .  For explanation of sym- 
bols and codes see Figure caption 2 and 
Table I .  US dens i ty  grad ien t  f r a c t i o n s  
a r e  connected by arrows in order o f  i n -  
creasing dens i ty .  Numerical values ranging 
from .45 (Ba l l a ra t  i n e r t i n i t e  a )  t o  1.08 
(Barnsley e x i n i t e )  represent  atomic H / C  
r a t i o ' s .  Note pos i t i ve  co r re l a t ion  of 
f ac to r  I with dens i ty  and negative cor re-  
l a t ion  w i t h  H / C  r a t i o .  

- 
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Figure 5. Factor spectrum representing f a c t o r  I in Figure 4 .  
Note marked s impl i f i ca t ion  of spec t r a l  pa t t e rns  as  compared 
t o  Figure 1 .  Chemical l abe l s  a r e  examples of possible 
s t ruc tu res  only. 
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APPLICATION OF 2-D AND DIPOLAR DEPHASING 13C NMR TECHNIQUES 
TO THE STUDY OF STRUCTURAL VARIATIONS IN COAL MCERALS 

Ronald J.  Pugmire, Warner R. Woolfenden, Charles L. Mayne 

University of Utah 
S a l t  Lake City, Utah 84112 

J i r i n a  Karas, and David M. Grant 

INTRODUCTION 

Coal has been described as  an organic rock. 
l i z e  coal supplies, however, the chemical s t ruc ture  of coal needs to  be 
known in much greater detail  so t ha t  methods can be developed to  convert 
coal to  a clean burning l iqu id  or gaseous fuel.  

In order t o  be t te r  u t i l -  

Coal i s  known to  be a physically heterogeneous substance w i t h  inorganic 
mineral matter mixed randomly i n  the organic material. 
i s  further subdivided in to  maceral groups which r e f l e c t  the f l o r i s t i c  
assemblages available a t  the time o f  the  formation of the  coal measures. 
The chemical structural  detail  of the organic components of these materials 
i s  not well known, even though researchers have been working for  decades on 
s t ruc ture  analysis. Of in t e re s t  i s  the nature of the carbon skeleton 
including the aromatic and a l ipha t ic  groups; the level,  type and role of 
oxygen, nitrogen, and sulfur;  the type and extent of cross-linking; and the 
molecular weight d i s t r ibu t ion  of the macromolecules. 

Useful reviews and monographs published on coal structural  analysis 
include works by Van Krevelan ( l ) ,  Ignasiak (21, Tingey and Morrey (31, 
Davidson (41, Larsen (5), and Karr (6). 
following: Coal is  a highly aromatic substance (65-90% aromatic carbon, 
variable w i t h  rank b u t  w i t h  few coals having aromaticit ies lower than 50%), 
w i t h  c lus te rs  of condensed rings ( u p  to  approximately four rings);  the 
a l ipha t ic  part  o f  the coal appears t o  be mostly hydroaromatic rings and 
shor t  a1 iphatic chains connecting the aromatic c lus te rs ;  the oxygen has 
been found in  the form of phenols, quinones, e thers ,  and carboxylic acids, 
b u t  l e s s  detail  i s  known about the nature of the organic su l fur  or nitro- 
gen. 

The organic matter 
I 

These reports indicate the 

The study of the aromaticity of coal has included infrared spectros- 
copy (7) and various chemical methods (8 ,9) ,  b u t  the most promising 

spinning nuclear magnetic resonance spectroscopy ( C P / t m  C-13 N M R ) .  This 
technique, i n i t i a l l y  developed by Pines, e t  a1 (101, has been successfully 
applied t o  coals by several workers i n  order t o  obtain aromatic-to- 
a l ipha t ic  r a t io s  (11-14) ( f a ) .  There i s  evidence tha t  fur ther  structural  
information on coals and coal macerals can be gained from the CP/MAS c-13 
NMR experiments (15-19). The a l ipha t ic  par t  of coal has also been charac- 
te r ized  by a novel chemical method involving a t r i f luoroace t ic  acid/aqueous 
hydrogen peroxide oxidation of the aromatic rings to  y i e ld  a l ipha t ic  acids 
and diacids (20). Chemical t e s t  resu l t s  may be spurious, however, due to 
the  severity of the reaction conditions and the insoluble and heterogeneous 
nature o f  coal S .  

I analytical  tool appears to  be cross-polarization magic angle sample 
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Cp/MAS 1% NMR offers  a powerful non-destructuve tool for  the analysis 
of  carbonaceous sol ids .  
material and the concomitant resolution obtainable, a wide range of struc- 
tural  information can be obtained. In complex organic sediments, the 
divers i ty  of s t ructural  components leads t o  broad bands that  frequently 
lack detai l .  However, employing multiple pulse techniques, i t  i s  possible 
t o  obtain additional s t ructural  information. The dipolar dephasing tech- 
nique reported by Ope1 1 a (26,271 discriminates protonated from nonproto- 
nated carbons i n  a CP/MAS spectrum on the basis of the 1H-13C dipolar 
interact ion.  
No. 6 coal. 

We w i s h  to  report data on a s e r i e s  of whole coals and coal macerals 
using conventional CP/MAS, dipolar dephasing, and 2-D dipolar dephasing 
techniques. These data provide a wealth of new structural  information and 
demonstrate t ha t  mu1 t i p l e  pulse and 2-D spectroscopic techniques can be 
uti1 ized on complex carbonaceous materials. 
on  maceral samples separated by the density gradient centrifugation method 
which separates coal maceral groups according t o  density. 

Depending on the nature of the carbonaceous 

Hagaman and Woody (28) have reported the spectra of I l l i no i s  

We a1 so report data obtained 

EXPERIMENTAL 

A l l  1% NMR CP/MAS spectra were obtained on a Bruker CXP-100 instrument 
equipped with a Z32DR 13C-MASS superconducting magnet probehead for  proton 
enhanced magic angle spinning experiments (CP/MAS). Samples were packed in 
carefully prepared rotors machined from boron n i t r ide  (body material ) and 
Kel-F (spinner head material)  i n  Andrew-Beams type rotors ( 2 2 ) .  Boron 
n i t r ide  i s  used as the body material because of i t s  good tensi l  strength 
and i t s  resistance to  deformation a t  h i g h  spinning speeds, whereas the 
Kel-F material is  used fo r  the rotor head material because of i t s  bet ter  
resistance t o  wearing as i t  comes i n t o  occasional contact with the s t a to r  
assembly d u r i n g  s t a r t  ups and stops.  
hydrogen which would cause extraneous resonance signals and decoupler 
heating problems. The spinning speed was s l i gh t ly  in excess of 4 KHz t o  
avoid complications due t o  overlapping of spining side bands w i t h  other 
spectral components. T h e  carbon-proton cross polarization time was 1.5 
msec and the cycle time was 0.3 seconds. Experiments performed a t  t h i s  
laboratory have shown t h a t  such short cycle times are indeed feasible  w i t h  
coals because of the inherent f r ee  radical induced short  relaxations times 
(23) .  
of approximately 100 mg s ize .  The dipolar dephasing experiments involved a 
40 usec delay inserted between the contact time and the acquisit ion period. 
I t  i s  well known tha t  this delay period will decrease the signal inten- 
s i t i e s  of a l l  carbon peaks compared to  the i r  i n t ens i t i e s  in the normal 
CP/MAS spectrum due t o  T2 relaxation effects ;  however, no e f f o r t  has been 
made to correct for  t h i s  decrease i n  in tensi ty  t o  e f f ec t  a material balance 
between compared spectra since i t  i s  assumed t h a t  the decrease in intensity 
of the nondipolar dephased carbon-13 peak is  small. Chemical shifts are 
reported referenced t o  TMS. 
referencing material. A rotor  of the reference solid i s  used t o  a d j u s t  the 
magic angle and the carbon/proton power levels f o r  the Hartman Hahn con- 
d i t i on  such that  the aromatic and al iphat ic  carbon peaks are of essent ia l ly  
equal  i n t ens i t i e s .  The coal samples were then substi tuted using the same 
rotor w i t h o u t  changing any resolution or referencing parameters. The 
upfield peak of hexamathylbenzene i s  presumed t o  be a t  18 ppm from TMS. 

B o t h  materials are f ree  of carbon and 

Each spectra resulted from averaging 10,000 repet i t ions on samples 

Hexamethyl benzene was used as an external 
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COAL MACERALS AND MACERAL SEPARATION 

The coals designated as PSOC-2 and PSOC-858 were obta ined f r o m  the Coal 
Data Bank a t  the Pennsylvania S ta te  U n i v e r s i t y .  
t h i s  coal were separated by the  dens i t y  g rad ien t  c e n t r i f u g a t i o n  technique 
descr ibed by Dyrkacz (24,25). The samples designated by PSMC-67, -19, -34, 
-43, -47, and -53 were v i t r i n i t e  concentrates obta ined from 
Professor  Alan Davis a t  Penn S ta te  and the  a n a l y t i c a l  and CP/MAS data have 
been prev ious ly  repo r ted  (16). The B r i t i s h  maceral concentrates designated 
as Aldwarke, S i l ks tone ,  Teve rs i l  , Dunsi l ,  Woolley, Wheatley Lime, Markham 
Main, and North Celyen were obta ined from Professor  Pe te r  Given a t  Penn 
S t a t e  and the a n a l y t i c a l  data on these coa ls  a re  g iven i n  Table 111. The 
samples were prov ided t o  Professor  Given by the B r i t i s h  Nat ional  Coal Board 
and were s tored under n i t r o g e n  s ince t h e i r  preparat ion.  

The maceral groups from 

RESULTS AND DISCUSSION 

We have r e c e n t l y  es tab l i shed  i n  our l a b o r a t o r y  the  c a p a b i l i t y  t o  
separate coal maceral s by the  dens i t y  g rad ien t  c e n t r i f u g a t i o n  technique 
(DGC) descr ibed by Dyrkacz (24,251. 
sented i n  F igu re  1 i n d i c a t i n g  t h e  dens i t y  d e l i n e a t i o n  o f  t he  th ree  maceral 
groups. The mean d e n s i t i e s  i n d i c a t e d  i n  the F igu re  correspond t o  the l i p -  
t i n i t e  ( l a r g e l y  s p o r i n i t e ,  see Table I )  v i t r i n i t e  and i n e r t i n i t e  maceral 
f r a c t i o n s .  The ac tua l  dens i t y  ranges f o r  the s i x  d i f f e r e n t  samples s tud ied  
a r e  used as l a b e l s  f o r  each spectrum i l l u s t r a t e d  i n  F igu re  2 along w i t h  the 
separate f a  values. 

( s e m i - f u s i n i t e  and f u s i n i t e ) .  
PSOC-2 whole coal and the  s p o r i n i t e ,  t h r e e  v i t r i n i t e ,  and two i n e r t i n i t e  
f r a c t i o n s  separated by the  DGC technique are given i n  F igu re  2. Note the  
v a r i a t i o n  i n  the  band shapes i n  the  a l i p h a t i c  reg ions  o f  t he  v i t r i n i t e  and 
i n e r t i n i t e  maceral groups. These data c l e a r l y  i n d i c a t e  t h a t  a d d i t i o n a l  

which have been separated f r o m  a g iven coal as p rev ious l y  repo r ted  (17,181. 
Even w i t h i n  the  th ree  v i t r i n i t e  samples, l a r g e  v a r i a t i o n s  i n  spec t ra l  
c h a r a c t e r i s t i c s  i n d i c a t e  s t r u c t u r a l  d i f f e r e n c e s  among macerals o f  small 
dens i t y  variance. S i m i l a r  s t r u c t u r a l  changes are observed i n  the  v i  t r i n i t e  
maceral group f o r  PSOC-858. 

The DGC f ractogram o f  PSOC-2 i s  pre- 

This  coal con ta ins  e s s e n t i a l l y  no l i p t i n i t e  and hence 

The stacked CP/MAS spect ra o f  the 
\ e x h i b i t s  only two peaks corresponding t o  v i  tri n i  t e  and i n e r t i  n i  t e s  

’> 

1 s t r u c t u r a l  i n fo rma t ion  i s  ob ta inab le  from s tud ies  o f  coal maceral groups 

\ 

A d d i t i o n a l  s t r u c t u r a l  i n f o r m a t i o n  can be obta ined by means o f  the dipo- 
1 a r  dephasing technique repo r ted  by Ope1 1 a (26,271 which d i sc r im ina tes  pro- 
t o n  ed from nonprotonated carbons i n  a CP/MAS spectrum on the bas i s  o f  t he  

C d i p o l a r  i n t e r a c t i o n .  
spect ra o f  I l l i n o i s  No. 6 coal by employing t h i s  technique. I n  model com- 
pounds, Alemany (29) has observed t h a t  a 40-11s i n t e r r u p t i o n  i n  the  proton 
decoupl ing w i l l  cause a l l  o f  the CH and CH2 resonances t o  vanish, w h i l e  the  
i ntens i  ty o f  the nonprotonated carbons exper ience only  minor a t tenua t ion  
(ca. 10-20%). The dephasing o f  a methyl  group i s  more complex b u t  approxi-  
mate ly  50% o f  t he  methyl carbon s igna l  i s  s t i l l  observed a f t e r  a 40 sec 
dephasing delay. Hence, by a p p r o p r i a t e l y  va ry ing  the i n t e r r u p t i o n  o f  the 
decoupl e r  one can d i f f e r e n t i a t e  among m e t h i n e h e t h y l  ene, methyl and nonpro- 
tonated carbons. Typ ica l  r e s u l t s  are g iven i n  F i g u r e  3 f o r  the Aldwarke 
S i l k s t o n e  e x i n i t e .  The f r a c t i o n  o f  t he  carbon i n  the  sample which i s  aro- 
ma t i c  and nonprotonated, faN, i s  obta ined by comparing the r e l a t i v e  i n ten -  
s i t i e s  o f  the aromat ic reg ion  o f  t h e  spect ra w i t h  decoupler pu lse delays of 
0 and 40 sec before data a c q u i s i t i o n .  The f r a c t i o n  o f  protonated aromatic 

i 

Hagaman and Woody (28) have repo r ted  the  
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carbon i s  then faH; thus f H + faN fa .  
f o r  which high resolution f H  and 1% NMR data were taken, Wilson (30) has 
obtained values of f a ,  and fa' in the solid t a r .  
w i t h  those corresponding values obtained fo r  the dissolved tar .  
0.62, 0.62; f a H  = 0.24, 0.23 for  the s o l i d  and dissolved solvent refined 
coal, respectively).  

maceral samples and some of the resul ts  are given i n  Table 11. 
are indicative again of the highly variable s t ructure  found in coal 
samples. The values designated as fss and faB are the fraction of aromatic 
carbon atoms which are  substi tuted and those which are bridgehead carbons 
respectively. This separation i s  based s t r i c t l y  on the chemical s h i f t  
range o f  the  nonprotonated aromatic carbons; i.e.,  i n  the d i p o l a r  dephasing 
spectrum, i t  i s  assumed tha t  nonprotonated carbon resonance shifts greater 
than 133 ppm are substi tuted while those w i t h  chemical s h i f t s  l e s s  t h a n  
133 ppm are bridgeheads. This a r b i t r a r i l y  chosen chemical s h i f t  value has, 
of course, been assigned from previous experience us ing  the spectral 
assignments of known compounds. 
Table I1 r e f l ec t  the fract ion of the al iphat ic  region which i s  b o t h  nonpro- 
tonated carbons and methyl group carbons and has been designated as fs*. 
I f  the carbon resonances due t o  these two differ ing types of species are 
dis t inct ive,  they can be fur ther  ident i f ied w i t h  the use of 2-dimensional 
dipolar dephasing techniques based on t h e i r  differ ing dephasing rates. 
Carbon-13 data obtained on a ser ies  of Bri t ish maceral concentrates are 
also expressed in Table 11. Further analytical  data for  these concentrates 
are found in Table 111. The d a t a  found in this table  has been supplied by 
the Coal Survey National Coal Board. The Woolley Wheatly Lime sample i s  
93% f u s i n i t e  while the Teversal Dunsi l  concentrate is 80% semifusinite with 
13% fusini te .  The Aldwarke Silkstone sample contains 43% semifusinite and 
43% fus in i t e .  The petrographic analysis of PSOC-2 reveals nearly equiva- 
l e n t  amounts of fu s in i t e ,  semifusinite, micrinite,  and macrinite (6.8, 8.1, 
7.5 and 8.5% respectively i n  the whole coal) .  
values f o r  these samples are greater than the experimental error  and these 
differences suggest t ha t  NMR techniques may be useful i n  characterizing the 
chemical s t ructural  differences between i n e r t i n i t e  maceral s. 

T h e  use of 2-D I3C NMR techniques i n  l iquids  has progressed from a 
novelty t o  a very useful analytical  tool. Even though the use of 2-0 pulse 
techniques on sol ids  i s  n o t  as  advanced, experiments on simple organic com- 
pounds have appeared i n  the l i t e r a t u r e  (311. The principal value of 2-D 
spectroscopy in s o l i d  CP/MAS studies of coal and related macerals l i e s  i n  
t he  a b i l i t y  of such methods t o  separate spectral information which i n  the 
typical one dimensional case appears as a s ingle  resonance. Figure 3 is a 
2-D contour p l o t  of the Aldwarke Silkstone exini te  maceral exhibiting che- 
mical s h i f t  along the F2 axis. 
carbon resonances which extend further along the F1 axis have larger dipo- 
l a r  dephasing e f f ec t s  working upon them. Such e f f ec t s  can then be graphi- 
cal ly  used t o  d i f f e ren t i a t e  between carbons of similar chemical s h i f t  b u t  
d i f fer ing proton environments. Figure 5 i s  a stack plot of the same infor- 
mation found i n  Figure 3. Spectral t races  d i f f e r  from each other by 977 Hz 
s t a r t i ng  w i t h  the top spectrum a t  zero Hz dipolar dephasing rate.  

Using a solvent refined coal tar 

( f a . =  
These values agree nicely 

Dipolar dephasing data (26,171 have been acquired on 36 coal and 
The data 

T.he values found in the l a s t  column of 

The differences i n  faH 

I t  should be emphasized here that those 
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The c a p a b i l i t y  of measuring d i r e c t 1  the  f r a c t i o n  o f  aromat ic carbon, 
f a  r e l a t i v e  t o  t o t a l  carbon v i a  s o l i d  13, NMR has s t i m u l a t e d  considerable 
i n t e r e s t .  
been Consistent w i th  t h e  order  f u s i n i t e  > m i c r i n i t e  > v i t r i n i t e  > e x i n i t e  
g i ven  by Dormans e t  a1 (34) f o r  macerals o f  a s p e c i f i c  rank. For  the  
sample s e t  o f  PSOC-2 and i t s  separated maceral groups, t h e  f a  values found 
i n  t h i s  study a re  i n  t h e  order  i n e r t i n i t e  > v i t r i n i t e  > e x i n i t e  as 
expected. 
t o t a l  carbon i n  the  coa l  t h a t  i s  arc 4 a t i c  and protonated, decreases i n  t h a t  
same order  f o r  t h i s  se r ies  o f  s i x  macerals. These data imp ly  t h a t  t he re  i s  
a s i g n i f i c a n t  d i v e r s i t y  i n  the  amount o f  r i n g  s u b s t i t u t i o n  and/or cross 
l i n k i n g  among t h e  aromat ic carbons i n  t h e  var ious macerals as seen i n  the  
est imated values f o r  t h e  f r a c t i o n  o f  aromat ic s u b s t i t u t e d  and bridgehead 
carbons, fas and faB. 
-19, -34, -43, -47, and -53, which i s  a s u i t e  o f  samples from a common 
depos i t i ona l  environment b u t  o f  va ry ing  rank, revea ls  a s i m i l a r  t r e n d  i n  
samples o f  i nc reas ing  rank. The CP/MAS data repo r ted  e a r l i e r  (16)  exh i -  
b i t e d  a decrease i n  f u n c t i o n a l i t y  w i th  progress ing rank (i.e., l o s s  o f  
a l k y l  and aromat ic oxygen groups). The d i p o l a r  dephasing data o f  t h i s  
r e p o r t  i n d i c a t e  t h a t  t h i s  l o s s  o f  f u n c t i o n a l i t y  l eads  t o  a n e t  increase i n  
t h e  f r a c t i o n  o f  protonated aromat ic carbons. Ring condensat ion reac t i ons  
a lone cannot e x p l a i n  these r e s u l t s  as r i n g  condensat ion would produce an 
opposi te  e f f e c t .  
ma tu ra t i on  i n  these samples must a l so  i nc lude  some r i n g  p ro tona t ion  reac- 
t i o n s  accompanying r i n g  defunct ional  i z a t i o n  and t h e  data suggests t h a t  
these p ro tona t ion  reac t i ons  are p r e f e r r e d  t o  r i n g  condensat ion reac t ions .  

Data on the  s e t  o f  B r i t i s h  maceral concentrates,  Table I ,  e x h i b i t  
t r ends  s i m i l a r  t o  those noted above. Comparing t h e  faH data on the  i ne r -  
t i n i t e  f r a c t i o n s  from PSOC-2, Woolley Wheatley Lime, Teversal  Duns i l ,  and 
A 1  dwarke S i l ks tone  revea ls  some s i g n i f i c a n t  d i f f e rences  between these 
samples from coa ls  o f  h igh  v o l a t i l e  bi tuminous rank ( a l b e i t ,  perhaps from 
q u i t e  d i f f e r e n t  environments). 

Carbon resonances a r i s i n g  from both  nonprotonated and protonated aroma- 
t i c  carbons may appear a t  t h e  same frequency under p ro ton  decoupling. Yet 
these two resonances cou ld  possess very d i f f e r e n t  r e l a x a t i o n  behavior and 
i n  a s o l i d  cou ld  evolve very d i f f e r e n t l y  due t o  l o c a l  p ro ton  d i p o l a r  f i e l d s  
which at tenuate w i t h  t h e  carbon pro ton  d is tances as l/r$. When the  sp in  
l o c k i n g  pu lse  f o r  p ro ton  nuc le i  i s  turned o f f ,  carbons w i t h  d i r e c t l y  bound 
protons such as methines and methylenes r a p i d l y  dephase i n  t h e  l o c a l  p ro ton  
f i e l d s  and t h e i r  spec t ra l  response i s  r a p i d l y  diminished. The r a p i d  i n t e r -  
n a l  mot ion o f  CH3 groups g r e a t l y  decreases the  e f fec t i veness  o f  methyl 
protons. Nonprotonated carbons are  on ly  dephased by remote and the re fo re  
much weaker magnetic f i e l d s .  Th is  type o f  response i s  g iven  i n  F igu re  2 
u s i n g  t h e  pulse sequences f i r s t  proposed by Rybaczewske e t  a1 (31) and 
popu la r i zed  by Opel la  (26,271 f o r  powders. These two spec t ra l  t races  
demonstrate how carbon atoms w i t h  protons are  s i g n i f i c a n t l y  a t tenuated 
f o l l o w i n g  a 40usec dephasing time. 
t i c  peak due t o  protonated carbons and e s s e n t i a l l y  a l l  o f  the  a l i p h a t i c  
r e g i o n  a re  at tenuated l e a v i n g  p r i m a r i l y  t h e  nonprotonated aromat ic carbons 
and methyl carbons ( t h e  two h igh  f i e l d  peaks i n  the  lower  t r a c e  which have 
chemical s h i f t  values fo r  a l i p h a t i c  and aromat ic CH3 carbons). 
v e s t i g i  a1 remnant o f  t h e  once very  s t rong methi nelmethyl  ene peak appears 
as the  l owes t  f i e l d  peak of t he  th ree  d i s t i n c t  a l i p h a t i c  peaks. 
spec t ra l  response i s  l i m i t e d  t o  a subpor t ion o f  t h e  t o t a l  spectrum con- 
t a i n e d  i n  t h e  upper t race. 

The f a  values p rev ious l y  found (32,331 f o r  coal  macerals have 

An i n t e r e s t i n g  observat ion i s  t h a t  faH, the  f r a c t i o n  o f  t he  

An examinat ion o f  t he  pure v i t r i n i t e  se r ies  PSMC-67, 

It appears t h a t  reac t i ons  associated w i t h  v i t r i n i t e  

Thus, t he  u p f i e l d  p o r t i o n  o f  the  aroma- 

The small 

Thus, t h i s  
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Thus, otherwise over1 a p p i n g  spectral information has been obtained by 
employing in a subtle way the differing dipolar properties of the different 
types of carbons. 
dimensional , 2-0, FT spectrum, one may simultaneously obtain spectral 
information on both  nonprotonated and protonated carbons direct ly .  
Figures 3 and 4 contain such a 2-0 spectrum for the Aldwarke Silkstone exi- 
nite.  In Figure 4 a contour p l o t  of the spectral i n t ens i t i e s  i s  given for 
the r a t e  of dipolar dephasing along the y-axis vs. chemical s h i f t  along the 
x-axis. Thus, the nonprotonated and methyl carbons show steep f a l l  off in 
the intensity contours while protonated carbons are represented by much 
broader (along y-axis) spectral  responses. Vertical cuts through the 2-D 
surface along the chemical s h i f t  axis are given in Figure 5. Hence, we 
observe i n  a more typical format the spectral respose as a function of a 
dipolar dephasing frequency. 
t o r s  span al l  possible orientations and t h u s  zero frequency responses are 
f o u n d  for  a l l  resonances, a l b e i t  the spread i n  a l iphat ic  response i s  
dis t r ibuted over such a much greater range of dephasing frequencies as t o  
reduce t h i s  part  nearly to  the noise level.  
Figure 5 leaves the CH2 peak persist ing t o  higher dephasing frequencies as 
w o u l d  be expected from the data in Figure 3. There i s  an inverse rela- 
tionship between the time s l i c e s  in Figure 3 and the frequency s l i ce s  i n  
Figure 5. S h o r t  times contain information corresponding t o  larger 
dephasing frequencies. The three dimensional plot  (Figure 6 )  of the aroma- 
t i c  portion of Figures 4 and 5 helps one t o  appreciate the above point. 
Note in the plot sharp peaks corresponding to  nonprotonated carbons. 
feature i s  graphically shown i n  the 3-D portrayal. A single chemical sh i f t  
s l i c e  through the aromatic region, a lso shown in Figure 5, emphasized the 
dual nature of the spectral response w i t h  a sha rp  peak resting on a broad 
base peak. Curve f i t t i n g  techniques can easily resolve the true com- 
ponents. 

structural  information on coal is now available from these techniques for 
the f i r s t  time. 
an excit ing new analytical  tool for the study of complex materials such as 
coal and coal macerals. 

If th is  spectral feature i s  made the basis of a two 

For a solid powder the C-H dipole-dipole vec- 

The successive s l i ce s  i n  

This 

Thus, using very sophisticated spectral resolving techniques, important 

Hence, mu1 t ip1 e pul se/mul tidimensional spectroscopy offers 
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TABLE I 
Elemental Analys is  and Maceral Composit ion o f  Coal PSOC-2 Separated 

by Densi ty  Grad ien t  C e n t r i f u g a t i o n  Techniques 

Petrographic  Analys is  (Volume %)  

L i  p t i  n i  tes  

A l g i n i  tes  
Resi n i  t e  

Cut i  n i t e  

Spori n i  t e  I 

V i  t r i n i  t e  

I n e r t i n i  tes  

M i c r i n i  t e  
Semi f us i n i  t e  

F u s i n i t e  
Macr in i  t e  

To ta l  L i p t i n i t e s  

Tota l  V i t r i n i t e  
To ta l  I n e r t i n i t e s  

Elemental Analys is  (DMMF %)* 
? 
1 C 

7 H 

N 
S 
0 (by d i f f e r e n c e )  

\ 

I * 
Minera l  Mat te r  Content of Coal 

1 (Before Deminera l i za t ion)  * 
V i  t r i n i  t e  Ref lectance 

(Mean maximum) 
* 

C1 ass 

Coal Type 

COAL 
PSOC-2 

0.0 

1.2 
1.4 

33.6 

29.6 

8.7 

8.3 
7.0 

7.7 

36.2 

32.1 
31.7 

85.49 
5.56 

1.46 
0.62 

6.79 

3.82 

0.89 

HVAB 

Channel 
L i  thotype 

* Values repor ted  by Penn Sta te  on d i f f e r e n t  samples o f  t h e  same coa l .  
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TABLE 11 
Struc tura l  Parameters of Coals and Coal Macerals 

PSOC-2 
E 
v-1 
v-2 
v-3 
1-1 
1-2 

PSNC-67 
-1 9 
- 34 
-43 
-47 
-53 

A1 dwarke 
Silkstone 

€ x i  n i  t e  
Vi t r i  ni t e  
I n e r t i n i  t e  

Teversi 1 
Ounsil 

Vi t r i n i t e  
I n e r t i  n i  t e  

Wool 1 ey 
b!heatley, Lime 

Exi ni  t e  
Vi t r i n i t e  
Iner t in i  t e  

Elarkham f h i n  
Exini t e  
Vi - i r in i te  
I n e r t i n i  t e  

Narth Celyen 
Exin i te  
V i t r i n i t e  
. I n e r t i n i t e  

psoc-1 io8 
PSOC-1110 
Beluga 
Ligni te 

H/C 

0.79 
- 

- 
- 
0.80 
0.86 
0.75 
0.78 
0.73 
0.63 

1.02 
0.75 
0.48 

0.75 
0.53 

0.95 
0.78 
0.37 

1.08 
0.80 
0.47 

0.65 
0.67 
0.61 
0.65 
0.93 

0.94 

f aH XC (D:*lMF) f a  - -  
86.61 

- 
- 

82.2 
84.4 
83.9 
87.0 
88.0 
89.1 

87.2 
86.9 
92.1 

81.5 
87 .7  

87.9 
86.6 
93.7 

82.6 
82.2 
91.6 

90.6 
89.9 
91.3 
68.0 
72.5 

65.7 

f a  = faH + f a N  = f a H  t f a  S B  + f a  

0.60 0.39 
0.34 0.24 
0.61 0.41 
0.70 0.45 
0.67 0.47 
0.75 0.59 
0.76 0.63 
0.73 0.29 
0.7? 0.35 
0.77 0.42 
0.78 0.44 
0.86 0.43 
0.85 0.48 

0 .53  0.26 
0.80 0 .38  
0.89 0.59 

0.78 0.30 
0.8G 0.37 

0.47 0.29 
0.77 0.48 
0.89 0.53 

0.45 0.25 
0.76 0.33 
0.82 0.51 

0 . 8 4  0.40 
0 . 8 3  0.46 
0 . 8 5  0.47 
0 .43  0.29 
0.16 0.03 

0.64 0.17 

B 
fa - -  

0.21 0.11 
0.10 0.02 
0.20 0.07 
0.25 0.10 
0.20 0.11 
0.17 0.06 
0.13 0.05 
0.44 :::: 
0.33 
0.35 0-19 
0.34 
;:;; 0.22 

0.27 0.14 
0.42 0.21 
0.30 0.17 

0.48 0.23 
0.49 0.21 

0.18 0.09 
0.29 0.12 
0.36 0.21 

0.20 0.09 
0.41 0.23 
0.31 0.18 

0.44 0.27 
0.37 0.24 
0.38 0.24 
0.14 0.06 
0.13 0.06 

0.47 0.07 

fs = f S  H t f, *:' 

fa  f f S  =1 
* 

f S  = t,!on-protonated a l i p h a t i c  carbon plus methyl carbons. 
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0.10 
0.07 
0.13 
0.15 
0.09 
0.11 
0.08 
0.21 
0.15 
0.16 
0.14 
0.16 
0.16 

0.13 
0.21 
0.13 

0.25 
0.28 

0.09 
0.17 
0.15 

0.12 
0.18 
0 .13  

0.17 
0.13 
0.14 
0.08 
0.07 

0.40 

- _ _  
0.36 0.05 
0.59 0.06 
0.33 0.06 
0.26 0.04 
0.26 0.07 
O..21 0.04 
0.19 0.07 

0.a' 0.03 
0.22 0.05 

0.20 0.03 
0.19 0.03 
0.12 0.02 
0.13 0.01 

0.40 0.07 
0.15 0.05 
0.10 . 0.01 

0.18 0.04 
0.12 0.02 

0.46 0.07 
0.20 0.03 
0.09 0.02 

0.48 0.07 
0.21 0.06 
0.15 0.03 

0.14 0.02 

0.14 0 .01  
0.46 0.11 
0.65 0.19 

0.25 0.11 

0.16 0 . 0 1  
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Figure 1 .  Fractogram f o r  ana ly t ica l  DGC separation r u n  on PSOC-2. 
The dens i t i e s  ind ica te  the  separation o f  t h e l i p t i n i t e ,  
v i  t r i n i  t e ,  and i ner t i  ni t e  maceral groups. 
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Figure 2. CP/MAS spectra of PSOC-2 whole Coal and t h e  maceral groups separated 
from the  coal  by d e n s i t y  g rad ien t  c e n t r i f u g a t i o n .  The d e n s i t y  ranges 
represent  t h e  range of d e n s i t i e s  f o r  samples employed. fa values a r e  
g iven f o r  each sample. 
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Figure 3 .  CP/MAS (top) and dipolar dephasing data w i t h  lower trace 

acquired following 40 p sec.  pulse delay. Note three separate 
peaks in  the aliphatic region due to yethyls and CHz's. 

Pv& I8 

Aldworke, Silkstone Exinite 

I + 
Figure 4. Contour plot for 2-0 dipolar dephasing experiment. F2 
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F igure 5 .  Spectral s l i c e s  a t  977 Hz i n t e r v a l s  taken from F i g u r e 3 .  F2 
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F 
Figure 6. Three dimensional p l o t  o f  a r o r h t i c  region. Shadcd p o r t i o n  p"4k'9 

i s  non-protonated carbon on top o f  rcsonance from protonated aromatic carbon. 
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l ow power i n d i c a t e s  t h e  l i n e a r  behav io r ;  t h e  ? a l l - o f f  a t  h i g h e r  microwave 

ELECTRON SPIN RESONANCE OF ISOLATED COAL MACERALS : 
A PRELIMINARY SURVEY 

B. G. S i l b e r n a g e l  and L. A. Gebhard 
Corpora te  Research - Science L a b o r a t o r i e s  

Exxon Research and Eng ineer ing  Company 
Linden, New Je rsey  07036 

G. R. Dyrkacz 
Chemistry D i v i s i o n  - Argonne Na t iona l  Labora to ry  

Argonne, I 1  1 i n o i  s 60439 

INTRODUCTION 

Whi le  t h e r e  have been a l a r g e  b e r  o f  e l e c t r o n  s p i n  resonance 
(ESR)  s t u d i e s  o f  coa l  and coa l  p roduc ts ,  '/YT p rev ious  i n t e r p r e t a t i o n s  were 
based on t h e  ' 'average" p r o p e r t i e s  o f  c o a l s  due t o  t h e  chemical 
he te rogene i t y  o f  t h e  coa l  samples examined. The recen t  e v o l u t i o n  o f  
maceral  s e p a r a t i o n  techn iques  p e r m i t s  d e t a i l e d  ESP observa t i ons  on coa ls  o f  
d i f f e r e n t  rank, f o r  which maceral  t ype ,  and maceral  d e n s i t y  can be 
d i s c r i m i n a t e d  s imu l taneous ly .  The p resen t  ESR survey  o f  carbon r a d i c a l s  i n  
separa ted  macera ls  shows t h a t  each maceral t y p e  e x h i b i t s  c h a r a c t e r i s t i c  
carbon r a d i c a l  p r o p e r t i e s .  Furthermore, t h e  p r o p e r t i e s  o f  carbon r a d i c a l s  
change w i t h i n  a g i ven  maceral  t y p e  as t h e  d e n s i t y  var ies .  

EXPERIMENTAL PROCEDURES 

A t o t a l  o f  37 samples f rom 16 c o a l s  o f  t h e  Pennsy lvan ia  S t a t e  
U n i v e r s i t y  coa l  da ta  base (PSOC) were examined. Separate f r a c t i o n s  were 
o b t a i n e d  by i s o p y c n i c  d e n s i t y  g r a d i e n t  c e n t r i  a t i o n  o f  smal l  ( - 3 p )  coal  
p a r t i c l e s  i n  a aqueous CsCl d e n s i t y  g rad ien t . fY$  The i n d i v i d u a l  samples 
a r e  l i s t e d  by PSOC numbers, maceral  t ype ,  and dens i t y ,  i n  Table 1. A f t e r  
separa t ion ,  t h e  samples were k e p t  under d r y  n i t r o g e n  u n t i l  t hey  were 
t r a n s f e r r e d  t o  ESR tubes  and sea led  under he l i um gas. T y p i c a l  ESR sample 
we igh ts  were approx ima te l y  10 mg. The ESR observa t i ons  were conducted a t  
9.5 GHz i n  a Var ian  E - l i n e  ESR spec t rometer  w i t h  v a r i a b l e  tempera ture  
c a p a b i l i t i e s  f rom 90K-300K. The g-value, l i n e w i d t h  (de f i ned  as t h e  
s p l i t t i n g  between peaks o f  t h e  d e r i v a t i v e  cu rve  o f  t h e  ESR a b s o r p t i o n  - 
AH ) and t h e  i n t e n s i t y  o f  t h e  carbon r a d i c a l  s i g n a l  were observed i n  each 
ca!&. 

Before d i s c u s s i n g  t h e  c o r r e l a t i o n  o f  these p r o p e r t i e s ,  it i s  
u s e f u l  t o  n o t e  a s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  response o f  carbon r a d i c a l s  
i n  d i f f e r e n t  maceral  t ypes  t o  t h e  a p p l i e d  microwave f i e l d .  A t  s u f f i c i e n t l y  
low microwave powers, t h e  r a d i c a l  i n t e n s i t y  v a r i e s  l i n e a r l y  w i t h  microwave 
f i e l d  s t r e n g t h ,  o r  e q u i v a l e n t l y  v a r i e s  as t h e  square r o o t  o f  t h e  microwave 
power. A t  h i g h e r  powers, t h i s  response i s  l e s s  than  l i n e a r ,  a phenomenon 
known as s a t u r a t i o n ,  when t h e  microwave power absorbed by t h e  carbon 
r a d i c a l s  exceeds t h e  r a d i c a l s '  a b i l i t y  t o  d i s s i p a t e  i t  t o  t h e i r  
environment.  Th i s  p rocess  i s  i l l u s t r a t e d  i n  F i g u r e  1 ,  where t h e  r a d i c a l  
i n t e n s i t y ,  d i v i d e d  by t h e  square r o o t  o f  t h e  microwave power, i s  p l o t t e d  as 
a f u n c t i o n  o f  t h e  l o g a r i t h m  o f  t h e  microwave Dower. The f l a t  resDonse a t  
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powers i n d i c a t e s  t h e  onset of s a t u r a t i o n .  It i s  c l e a r  f rom F i g u r e  1 t h a t  
v i t r i n i t e  sa tu ra tes  a t  l ow  powers, a f a l l - o f f  b e i n g  no ted  a l ready  
a t  - l o p  Watts of microwave power. A s i m i l a r  d e p j r t u r e  f rom l i n e a r  behav io r  
does no t  occur  i n  i n e r t i n i t e  u n t i l  powers o f  -10 &! a r e  app l i ed .  E x i n i t e  
i s  i n t e r m e d i a t e  i n  behavior.  To a v o i d  s a t u r a t i o n - r e l a t e d  problems, a l l  
samples were r u n  a t  microwave powers o f  3pW, i n d i c a t e d  by t h e  ar row and 
dashed- l ine  i n  t h e  f i gu re .  

EXPERIMENTAL RESULTS 

c l e a r  d i s t i n c t i o n s  between d i f f e r e n t  maceral types. F i g u r e  2 shows t h a t  
e x i n i t e  macerals have low d e n s i t i e s  and a narrow range o f  ESR l i n e w i d t h s ,  
AH -6.5 G. While v i t r i n i t e  and i n e r t i n i t e  show cons ide rab le  ove r lap  i n  
ma!!ral d e n s i t i e s ,  t h e  i n e r t i n i t e  l i n e w i d t h s  a r e  d r a m a t i c a l l y  smal le r ,  -1-2 
G, as opposed t o  -5.5-7.5 G f o r  t h e  v i t r i n i t e s .  Th is  s i g n i f i c a n t  l i n e w i d t h  
d i f f e r e n c e  may a s s i s t  i n  t h e  d i s c r i m i n a t i o n  o f  maceral types. As F i g u r e  2 
i nd i ca tes ,  two macerals which p e t r o g r a p h i c  ana lyses  i n d i c a t e d  t o  be 
i n e r t i n i t e ,  f a l l  i n t o  t h e  v i t r i n i t e  maceral f i e l d .  Since t h e  smal l  
p a r t i c l e  s i z e  r e q u i r e d  f o r  separa t i on  (-3m) compl ica tes  t h e  p e t r o g r a p h i c  
ana lys i s ,  combined ESR and p e t r o g r a p h i c  examinat ions  may prove u s e f u l  i n  
f u t u r e  maceral t y p e  de terminat ions .  It i s  a l s o  i n t e r e s t i n g  t o  n o t e  a weak 
t r e n d  i n  t h e  v i t r i n i t e  o f  decreas ing  AH w i t h  i n c r e a s i n g  maceral 
dens i ty .  
d e n s i t y  r e s u l t e d  f rom a l a r g e r  f r a c t i o n  o f  a romat i c  species,  reduc ing  
p r o t o n  broadening o f  t h e  carbon r a d i c a l  l i n e w i d t h  . 
l e s s  obvious, as F i g u r e  3 i n d i c a t e s ,  E x i n i t e  samples have r e l a t i v e l y  low 
d e n s i t i e s  and r a d i c a l  i n t e n s i t i e s ,  as migh t  be a n t i c i p a t e d  f o r  a l i p h a t i c -  

\ r i c h  macerals. V i t r i n i t e  and i n e r t i n i t e s  e x h i b i t  i n t e n s i t y  v a r i a t i o n s  i n  
excess o f  an order-of-magnitude, and t h e r e  i s  no c l e a r  v a r i a t i o n  o f  

; i n t e n s i t y  w i t h  t h e  p h y s i c a l  d e n s i t y  o f  t h e  macerals. Th i s  suggests t h a t  a 
, v a r i e t y  o f  f a c t o r s ,  i n c l u d i n g  t h e  na tu re  o f  t h e  o rgan ic  spec ies  and t h e  

d e t a i l s  o f  t h e  c o a l i f i c a t i o n  process may serve  as de terminants  o f  t h e  
number o f  carbon r a d i c a l s .  

Examinat ion of t h e  ESR l i n e w i d t h  and t h e  maceral  d e n s i t y  show 

Such a decrease might  be a n t i 8 p a t e d  i f  t h e  i nc reased  maceral  

The r e l a t i o n s h i p  between ESR i n t e n s i t y  and maceral  d e n s i t y  i s  f a r  

A d i r e c t  comparison o f  ESR l i n e w i d t h  and i n t e n s i t y ,  shown on 
, F i g u r e  4, shows a s i g n i f i c a n t  dependence on t h e  t y p e  o f  coa l  sample b e i n g  
I examined. I n  t h i s  case, o p e n - c i r c l e  symbols des igna te  PSOC 106 samples, 
, open-squares - PSOC 297, and o p e n - t r i  ang l  es PSOC 1005. 

des igna te  t h e  balance o f  t h e  v i t r i n i t e  samples examined. No obvious 
c l u s t e r i n g  o f  v i t r i n i t e  samples of a s i n g l e  t y p e  i s  observed. 
t h a t  AH i s  n e a r l y  independent of ESR i n t e n s i t y  suggests t h a t  unreso lved 
h y p e r f i g &  i n t e r a c t i o n s  w i t h  ad jacent  p ro tons ,  r a t h e r  than  d i p o l e  
i n t e r a c t i o n s  betwe n carbon r a d i c a l s ,  a r e  respons ib le  f o r  t h e  observed 
l i n e w i d t h .  

Sol i d-c i  r c l  es 

The f a c t  

The ESR 
o f  d i f f e r e n t  coa ls  
t h e  t h r e e  PSOC coa 
t h e r e  i s  a general  
dens i t y .  For PSOC 
v a r i a t i o n  observed 
1005 shows a broad 

i n e w i d t h  v a r i a t i o n  w i t h  d e n s i t y  f o r  v i t r i n i t e  macerals 
i s  p resen ted  i n  F i g u r e  5. 
s mentioned i n  F i g u r e  4. As suggested i n  F i g u r e  1, 
tendency f o r  l i n e w i d t h  t o  decrease w i t h  i n c r e a s i n g  
106 and 297, t h e r e  i s  l i t t l e  d e n s i t y  o r  l i n e w i d t h  
f o r  t h e  v i t r i n i t e s  from each coa l .  Conversely, PSOC 
range o f  d e n s i t y  v a r i a t i o n s ,  and t h e  l i n e w i d t h  

The open-symbols des igna te  

inc reases .  The source o f  t h i s  d i f f e r e n t  behav io r  i s  s t i l l  under 
i nves t  i gat  i on. 
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The i s o l a t e d  i n e r t i n i t e  macera ls  p r o v i d e  an o p p o r t u n i t y  t o  
examine t h e i r  d i s t i n c t l y  d i f f e r e n t  p r o p e r t i e s .  
t h a n  t h e  e x i n i t e  and v i t r i n i t e  ESR s i g n a l s ,  t h e  ESR a b s o r p t i o n  i s  s t i l l  
symmetric. The l i n e w i d t h  v a r i e s  d r a m a t i c a l l y ,  f rom H = 0.89 - 2.00 
Gauss, and t h e  l i n e w i d t h  i s  t empera tu re  independent. 
resonance a b s o r p t i o n  v a r i e s  app rox ima te l y  as I / T ,  t h e  C u r i e - l i k e  
s u s c e p t i b i l i t y  expected f o r  s i m p l e  magnet ic  spins.  Mot ion o f  these r a d i c a l  
spec ies c o u l d  account f o r  t h e  r e l a t i v e l y  narrow l i n e w i d t h ,  

While s t r i k i n g l y  narrower 

P Ie  i n t e n s i t y  o f  the 

CONCLUSION 

We have s u c c e s s f u l l y  examined a s u i t e  o f  very  smal l  ( d o  mg) 
samples by ESR. D i f f e r e n t  maceral t y p e s  have s t r i k i n g l y  d i f f e r e n t  
s a t u r a t i o n  behavior  and a r e  r e a d i l y  d i s t i n g u i s h e d  i n  a H / d e n s i t y  
ana lys i s .  
dens i t y .  Surveys o f  v i t r i n i t e s  f rom t h r e e  o f  t h e  PSOC coa ls  suggest t h a t  
i n t e n s i t i e s  a r e  reasonably  s i m i l a r  w i t h i n  a g i ven  coa l ,  bu t  can vary 
s i g n i f i c a n t l y  f rom one coa l  t o  t h e  next .  

Radica l  i n t e n s i t i e s  vary w i d e l y  and a r e  not  r e @ t e d  t o  phys i ca l  

A t  present ,  we a r e  c o r r e l a t i n g  ese r e s u l t s  w i t h  m ic roana lys i s  
' o f  e lemental  composi t ion and s o l i d  s t a t e  !!I C NMR es t ima tes  o f  carbon 

a r o m a t i c i t i e s .  These s t u d i e s  w i l l  be r e p o r t e d  elsewhere. 
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151 

236 

240 

268 

285 

297 

TABLE I :  MACERAL RESUkE 
( I n d i c a t e d  numbers a r e  t h e  macera l  d e n s i t i e s  i n  gm/cm3) 

PSOC #/Maceral  Type V i t r i  n i t e  E x i n i t e  

1 1.257 - 
81  WHOLE COAL - 
106 1.291 1.191 

1.330 - 
1.334 - 
1.371 

1.385 

1.278 

1 407 

1.272 

1.276 

1.264 

1.271 

1.305 

1.340 

317 

409 

/ 592 

594 

852 

975 

1005 

1.317 

1.302 

1.306 

1.332 

1.314 

1.408 

1.345 

1.382 

1.420 

1.455 

1.486 

I n e x t i n i t e  

- 
- 

1.413 

1.447 

1.475 

1.040 1.384 

1.149 1.436 

1.165 

1.200 

1.207 
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F I G U R E  3: Carbon r a d i c a l  
i n t e n s i t i e s  do n o t  depend 
e x p l i c i t l y  on rnaceral t y p e  
o r  rnaceral d e n s i t y .  
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FIGURE 4 :  A weak v a r i a t i o n  
of ESR l i n e w i d t h  o n  ESR 
r a d i c a l  i n t e n s i t y  i s  
observed. 
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PREMACERAL CONTENTS OF PEATS CORRELATED WITH "PROXIMATE AND ULTIMATE ANALYSES" 

A. D. Cohen* and M. J. Andre jko 

Department of Geology 
U n i v e r s i t y  o f  South Caro l i na ,  Columbia, South C a r o l i n a  29208 

* ( p r e s e n t l y  a t  Los Alamos Na t iona l  Labora to ry  
E a r t h  and Space Sciences D i v i s i o n ,  MS K586 

Los Alamos, New Mexico 87545) 

I. I n t r o d u c t i o n  
I n  a number o f  pub1 i c a t i o n s ,  peat  types have been d e f i n e d  p e t r o g r a p h i c a l l y  

by t h e i r  bo tan ica l  and "premacera l "  composi t ions (1, 2, 3, 4). "Premacerals" a r e  
t h e  o rgan ic  components i n  t h e  peats which, due t o  t h e i r  c o l o r ,  o p a c i t y ,  shape, and 
f luorescence, can be p r o j e c t e d  as t h e  probable p r o g e n i t o r s  o f  p a r t i c u l a r  c o r r e -  
sponding macerals i n  coals .  A l though th,e p e t r o g r a p h i c  c h a r a c t e r i z a t i o n  o f  peats  
c o n s t i t u t e s  an i m p o r t a n t  " f i r s t  s t e p  i n  u n d e r s t a n d i n g  t h e  o r i g i n  and  i n  
p r e d i c t i n g  t h e  general composi t ion o f  t h e  r e s u l t a n t  coa ls ,  it i s  impor tan t  t h a t  

t e s t s  (such as "prox imate"  and " u l t i m a t e "  analyses) .  Wi th  these r e s u l t s  i t  then 
becomes poss ib le  t o  develop a s e r i e s  o f  models w i t h  which t o  p r e d i c t  more 
p r e c i s e l y  t h e  chemical and phys i ca l  composi t ion o f  t h e  r e s u l t i n g  t h e o r e t i c a l  
coals. These p r e d i c t i v e  c h a r a c t e r i z a t i o n s  can be a p p l i e d  no t  o n l y  t o  t h e  
p r o j e c t e d  seam-wide v a r i a b i l i t y  i n  coal  q u a l i t y  f o r  c o a l s  produced i n  s i m i l a r  
d e p o s i t i o n a l  s e t t i n g s  as t h a t  o f  t he  s t u d i e d  peats ,  b u t  a l s o  t o  t h e  p r e d i c t i o n  o f  
t h e  v a r i a t i o n s  i n  i n d u s t r i a l  p r o p e r t i e s  o f  t h e  peats  themselves, such as f o r  
g a s i f i c a t i o n ,  l i q u i f a c t i o n ,  s o i l  c o n d i t i o n i n g ,  o rgan ic  chemical p roduc t i on  and so 
f o r t h .  

It i s  f o r  these reasons t h a t  we have i n i t i a t e d  t h i s  c o r r e l a t i v e  s tudy  o f  
peat pet rography and peat i n d u s t r i a l  -chemical ( coa l  qual  i t y )  p r o p e r t i e s .  Note 
t h a t  t h e  i n fo rma t ion  r e p o r t e d  he re in  rep resen ts  p r e l i m i n a r y  r e s u l t s  based on a 
l i m i t e d  numbet-, o f  d i f f e r e n t  t ypes  o f  peats t h a t  were analyzed f o r  o n l y  a few "coal  
q u a l i t y  t e s t s  (i.e., prox imate ana lys i s ,  u l t i m a t e  a n a l y s i s ,  and BTU con ten t ) .  
Fu tu re  s tud ies  w i l l  i n v o l v e  measurement o f  o t h e r  pe t rog raph ic  parameters and 
i n c l u d e  o t h e r  i n d u s t r i a l  analyses (such as, gas and l i q u i d  y i e l d s ,  p h y s i c a l  
p r o p e r t i e s ,  o rgan ic  chemical y i e l d s ,  and so f o r t h ) .  

I premaceral types and amounts i n  peats  be c o r r e l a t e d  w i t h  v a r i o u s  coa l  - q u a l i t y  

\ 

11. Ob jec t i ves  
The o b j e c t i v e s  o f  t h i s  s tudy  a r e  t o :  
A. Determine t h e  v a r i a t i o n s  i n  premaceral types and p r o p o r t i o n s  w i t h i n  a 

wide v a r i e t y  o f  peat  types. 
B. C o r r e l a t e  p r e m a c e r a l  c o n t e n t s  w i t h  c o r r e s p o n d i n g  p r o x i m a t e  ( f i x e d  

carbon, mois ture,  ash, v o l a t i l e  m a t t e r ) ,  u l t i m a t e  (C, H, 0, N, S) and 
h e a t i n g  va lue (BTU) analyses. 

C. P r e d i c t  t h e  p robab le  v a r i a t i o n s  i n  t h e  prox imate and u l t i m a t e  makeup and 
BTU l e v e l s  f o r  c o a l s  w h i c h  fo rmed  i n  s i m i l a r  v e g e t a t i o n a l  and 
d e p o s i t i o n a l  s e t t i n g s  t o  those of t h e  peats  s tud ied  i n  t h i s  p r o j e c t .  

111. Methods 
C a r e f u l l y  e x t r a c t e d  samples o f  peat  were s l o w l y  dehydrated i n  a s e r i e s  o f  

a l c o h o l  s o l u t i o n s  and then  embedded i n  pa ra f f i n .  A f t e r  embedding, t h i n - s e c t i o n s  
(15 microns i n  t h i c k n e s s )  were c u t  from these samples wi th  a s l i d i n g  microtome and 
mounted i n  Canada Balsam. D e t a i l s  of t h e  procedure f o r  t h e  embedding and 
sect 'on ing o f  peats have p r e v i o u s l y  been desc r ibed  by Cohen.(2,3). 

premaceral i d e n t i f i c a t i o n  was made i n  t r a n s m i t t e d  w h i t e  l i g h t ,  i n  p o l a r i z e d  
l i g h t  ( b i r e f r i n g e n c e )  and f l u o r e s c e n t  l i g h t .  P remacera l  p r o p o r t i o n s  were 
determined by area p o i n t - c o u n t i n g  a t  200 X. Proximate and u l t i m a t e  analyses and 
BTU were o b t a i n e d  f r o m  commerc ia l  t e s t i n g  l a b o r a t o r i e s  and a l s o  f rom t h e  
Department o f  Energy's Energy Technology Center a t  Grand Forks, Nor th  Dakota. 
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I V .  
A. 

ts and D i s c u s s i o n  _ _  - ~ - .~ _ _  . 
o t a n i c a l  Composi t ion 

F iau re  l a  shows t h e  r e l a t i v e  abundances o f  D lan t  a r o u m  observed i n  
m i c r o t o i e  s e c t i o n s  o f  t h e  peats. Note t h a t  these pests v a r i e d  consid- 
e r a b l y  i n  t h e i r  b o t a n i c a l  composi t ions.  The Minnesota peat cons is ted 
p redominan t l y  o f  Sphagnum (peat  moss) d e b r i s  w i t h  some grasses and 
con i fe rs .  The Maine peat  was composed mos t l y  of a l g a l  ma te r ia l  w i t h  
some Sphagnum and N mphaea (water  l i l y )  deb r i s .  The Nor th Caro l ina peat 
was dominated by l a y  t r e e  (Magnolia, Persea, Gordonia) and gum t r e e  
(-) d e b r i s ;  w h i l e  t h e  Georgia Nymphaea peat cons is ted  predominantly 
o f  Nymphaea d e b r i s .  

F igu re  l b  shows t h e  abundance o f  p l a n t  organs compr is ing the  peat. 
Again the  d i f f e r e n c e s  between peat  types a r e  pronounced. The Minnesota 
peat  i s  dominated by r o o t s  bu t  w i t h  l e s s e r  bu t  equal amounts o f  stem and 
l e a f  deb r i s .  On t h e  o t h e r  hand, t h e  Maine peat has t h e  h ighes t  concen- 
t r a t i o n  o f  leaves;  t h e  Nor th  C a r o l i n a  peat  has the  h i g h e s t  wood content 
(stems) and lowes t  l e a f  content ,  w h i l e  t h e  Georgia (Nymphaea) peat has 
t h e  h i g h e s t  p r o p o r t i o n  o f  roo ts .  

B. Premaceral Types and P r o p o r t i o n s  
One s i m p l i f i e d  b u t  u s e f u l  means o f  d i s p l a y i n g  pe t rog raph ic  com- 

p o s i t i o n  o f  peats  i n  t h i n  s e c t i o n  i s  by graphing t h e  area percentages o f  
i n g r e d i e n t s  o f  d i f f e r e n t  c o l o r s .  F igu re  2 shows such a po in t - coun t  f o r  
f o u r  r e p r e s e n t a t i v e  t ypes  o f  peat  from t h i s  study. Note t h a t  t he  
Minnesota S ha num and Georgia N m haea peats have approx imate ly  the  
same range%rs (peaking bet*ght-yellow and l i gh t -b rown)  bu t  
t h a t  t h e  Maine peat  peaked i n  t h e  c l e a r  t o  l i g h t - y e l l o w  range w h i l e  t h a t  
o f  t h e  Nor th C a r o l i n a  peat  had peaks i n  t h e  l i g h t - y e l l o w  t o  red-brown 
range and a l s o  i n  t h e  dark-brown and b l a c k  ca tegor ies .  

The Georg ia Nymphaea and Minnesota Sphagnum peats tended t o  have 
t h e  h ighes t  p r e v i t r i n i t e s  w h i l e  t h e  Nor th  Caro l i na  and Georgia Taxodium 
p e a t  ( n o t  shown) had t h e  h i g h e s t  p r e p h l o b a p h e n i t e s  (and p r e -  
c o r p o c o l l i n i t e s )  and a l s o  t h e  h i g h e s t  p r e i n e r t i n i t e s  ( p r e m i c r i n i t e s ,  
p r e f u s i n i t e s ,  and p r e s c l  e r o t i n i t e s ) .  

F i g u r e s  3 and 4 g i v e  t h e  a r e a  p e r c e n t a g e s  o f  b i r e f r i n g e n t  
premacerals found i n  t h e  samples s tud ied.  Since b i r e f r i n g e n c e  has been 
equated w i t h  c e l l u l o s e  con ten t ,  i t  might  t h e r e f o r e  be expected t h a t  
b i r e f r i n g e n c e  would decrease w i t h  depth i n  a d e p o s i t  as a r e s u l t  of 
c e l l u l o s e  d e c o m p o s i t i o n .  However, a s  can be seen i n  F i g u r e  3 
( r e p r e s e n t i n g  t w o  c o r e s  f r o m  t h e  Oke fenokee  Swamp o f  G e o r g i a ) ,  
b i r e f r i n g e n c e  may i n c r e a s e  o r  d e c r e a s e  w i th  d e p t h  depend ing  on 
s u c c e s s i o n s  o f  p e a t  t y p e s  and m o i s t u r e  c o n d i t i o n s  d u r i n g  i n i t i a l  
depos i t i on .  F i g u r e  4 shows t h a t  Georgia Nymphaea and Minnesota Sphagnum 
peats have t h e  h i g h e s t  p r o p o r t i o n s  o f  b i r e f r i n g e n t  c o n s t i t u e n t s .  

The c o n c e n t r a t i o n  o f  f l u o r e s c e n t  premacerals tended t o  c o r r e l a t e  
s l i g h t l y  w i t h  t h e  p r o p o r t i o n  o f  b i r e f r i n g e n t  premacerals. However, 
d i f f e r e n t  p l a n t  types were found t o  produce d i f f e r e n t  f l u o r e s c e n t  c o l o r s  
and i n t e n s i t i e s .  Fur thermore,  n a t u r a l  " s t a i n i n g "  (i.e., darkening o r  
c o l o r i n g  by n a t u r a l  impregna t ion  or chemical a l t e r a t i o n )  o f  c e l l  w a l l s  
tended t o  e f f e c t  b i r e f r i n g e n c e  and f l uo rescence  i n  very d i f f e r e n t  ways. 
Na tu ra l  s t a i n i n g  tended t o  c o r r e l a t e  s t r o n g l y  w i t h  b i r e f r i n g e n c e  (i.e., 
t he  da rke r  t h e  s t a i n i n g  t h e  l e s s  t h e  b i r e f r i n g e n c e ) ,  b u t  d i d  not  
c o r r e l a t e  we1 1 w i t h  o v e r a l l  f l uo rescence  p roper t i es .  For example, some 
t i s s u e s  t h a t  were h i g h l y  s t a i n e d  tended t o  have h ighe r  f luorescence 
i n t e n s i t i e s  t h a n  those  t h a t  were unsta ined.  
Prox imate and U l t i m a t e  Analyses and BTU 

F igu re  5 shows t h e  r e s u l t s  o f  p rox ima te  and u l t i m a t e  analyses and 
BTU measurement .  No te  t h a t  t h e  p e a t  f r o m  N o r t h  C a r o l i n a  (a  
l o w e r - c o a s t a l - p l a i n ,  woody, dark,  more i n e r t i n i t e - r i c h  sample) had the  
h ighes t  f i x e d  carbon, e lementa l  carbon and s u l f u r  content .  Woody 
Taxodium peats f rom Georg ia ( n o t  shown) and South C a r o l i n a  (no t  shown) 

C. 
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were s i m i l a r  i n  cha rac te r  t o  t h e  Nor th C a r o l i n a  samples. The Georgia 
Nymphaea peats, which had t h e  h i g h e s t  p r e v i t r i n i t e s ,  can be seen t o  have 
t h e  h ighes t  oxygen, hydrogen, and v o l a t i l e  m a t t e r  contents .  Note t h a t  
BTU va lues tended t o  c o r r e l a t e  more s t r o n g l y  wi th  ash con ten ts  than  w i t h  
maceral contents .  

V. Summary and Conclus ions 
P r e l i m i n a r y  c o r r e l a t i o n s  o f  p e t r o g r a p h i c  c h a r a c t e r i s t i c s  o f  peats  (i .e., 

peat  types, premaceral p ropor t i ons ,  and premaceral t ypes )  w i t h  p rox ima te  and 
u l t i m a t e  analyses suggest t h e  f o l l o w i n g  t rends :  

A. Peats w i t h  t h e  h i g h e s t  p r o p o r t i o n s  o f  b i r e f r i n g e n t  macera ls  tend  t o  have 
t h e  h i g h e s t  v o l a t i l e  m a t t e r  (and H and 0 c o n t e n t s ) .  

8. Fluorescence o f  macerals, on t h e  o t h e r  hand, seems t o  c o r r e l a t e  o n l y  
s l i g h t l y  w i t h  prox imate and u l t i m a t e  analyses.  

C. Higher p r e v i t r i n i t e  con ten ts  tend t o  c o r r e l a t e  w i t h  h i g h e r  v o l a t i l e  
ma t te r  contents .  

0, Pea ts  w i t h  h i g h e r  p r e i n e r t i n i t e s ,  p r e p h l o b a p h e n i t e s  (and p r e -  
c o r p o c o l l i n i t e s ) ,  and p r e s c l e r o t i n i t e s  have the  h i g h e s t  f i x e d  carbon. 

E. BTU c o r r e l a t e s  s t r o n g l y  w i t h  ash con ten t  and o n l y  s l i g h t l y  w i t h  maceral 
content .  
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Reac t iv i ty  and Charac te r i za t ion  of Coal Macerals 

Randall  E. Winans, Ryoichi Hayatsu, Robert G.  Sco t t ,  and Robert L. McBeth 
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I n  a study of t h e  organic  s t r u c t u r e s  i n  coa ls  and t h e i r  r e a c t i v i t y  i n  chemical 
and thermal processes,  i t  is  d e s i r a b l e  to reduce the  complexity of t he  ma te r i a l  
wi th  some s o r t  of phys ica l  s epa ra t ion .  One such approach i s  t h e  sepa ra t ion  of t he  
coa ls  i n t o  t h e i r  maceral groups, which are the  microscopica l ly  i d e n t i f i a b l e  organic  
po r t ions  of coa l  which have d i f f e r e n t  o r i g i n s ,  chemical and phys ica l  f e a t u r e s ,  and 
r e a c t i v i t y .  Two bituminous coa l s  have been separa ted  i n t o  t h e i r  t h r e e  main maceral 
groups: e x i n i t e ,  v i t r i n i t e ,  and i n e r t i n i t e ,  us ing  a modified f loa t - s ink  technique 
which uses  a n a l y t i c a l  dens i ty  g rad ien t  cen t r i fuga t ion  (DGC) t o  determine the  appro- 
p r i a t e  dens i ty  ranges. 
has j u s t  r ecen t ly  been repor ted  (1 ,2 ) .  

The DGC technique which e x p l o i t s  t h e  d i f f e rences  i n  d e n s i t i e s  

The chemistry of macerals separa ted  by DGC, f l oa t - s ink  and hand picking has 
been inves t iga ted  r ecen t ly  by seve ra l  techniques inc luding:  s o l i d  13C nmr (3 ,4) ,  
ox ida t ion  (5 ,6 ) ,  and mass spectrometry (5,6,7,8). Early work focused on chemical 
p rope r t i e s  (9) and e s r  spectroscopy (10).  I n  t h e  approach taken i n  t h i s  s tudy  t h e  
maceral concent ra tes  were pyrolyzed i n  a vacuum and the  r e s u l t i n g  products co l l ec t ed  
and then charac te r ized  by gas chromatography mass spectrometry and by GC microwave 
plasma emission spectroscopy. 
l i n e  pyrolysis-GCMS method f o r  two reasons .  F i r s t ,  experiments i n  t h i s  l abora to ry  
have shown t h a t  with the  vacuum technique, secondary r eac t ions  such as aromat iza t ion  
of a l i c y c l i c s  is less l i k e l y  t o  occur .  Second, b e t t e r  q u a n t i t a t i v e  d a t a  can be  
obtained wi th  a batch type r eac t ion  scheme. 

The vacuum technique w a s  chosen over t h e  t y p i c a l  on- 

I n  add i t ion  t o  c h a r a c t e r i z a t i o n  of thermal products ,  t h e  chemical r e a c t i v i t y  
of t hese  concent ra tes  has been s tud ied .  Reactive hydrogens such as benzyl ic  types  
have been determined from t h e  r eac t ion  of t he  macerals wi th  pyr id ine  and iod ine  t o  
form pyridinium iodides :  

Coal-ArCH; Coal-ArCH- + H I  

I 2  

It has been shown t h a t  t h e  number of pyridinium iodides  per 100 carbon atoms i n  t h e  
o r i g i n a l  coa l  decreases wi th  inc reas ing  rank (11). Fur ther  s t u d i e s  have shown t h a t  
these  de r iva t i zed  coa l s  a r e  ac t iva t ed  toward ox ida t ive  s o l u b i l i z a t i o n  using a 
reagent ,  a l k a l i n e  s i l v e r  oxide,  which normally is q u i t e  i n e f f e c t i v e  i n  d i s so lv ing  
raw coa l s .  I n  t h e  r e s u l t s  from the  thermal and chemical r e a c t i o n s ,  s i m i l a r i t i e s  
and d i f f e rences  have been noted which w i l l  be d iscussed  l a t e r .  Also, i t  should be  
emphasized t h a t  i n  t h i s  s tudy  w e  a r e  examining maceral concent ra tes  from the  th ree  
main groups which a r e  der ived  from t h e  same coa l .  
r ep resen ta t ive  of bituminous coa l s  and not  t o  be sap rope l i c  coa l s  where t h e  chemistry 
may be more unusual due t o  t h e  t y p i c a l l y  l a r g e  e x i n i t e  conten t .  

These coa l s  were chosen t o  be 

EXPERIMENTAL 

TWO of the  coa l s  used i n  t h i s  study were obtained from the  Penn State  Coal 
Sample Bank. They were an  HVA bituminous coa l  (PSOC 1103) from t h e  Upper Elkhorn 
13  seam i n  Eas te rn  Kentucky and an HVA bituminous coa l  (PSOC 828) from t h e  B r a z i l  
Block seam i n  Indiana.  A t h i r d  coa l  from which v i t r i n i t e  and f u s i n i t e  were hand 
picked was an I l l i n o i s  No. 2 s e a m  HVC bituminous coa l  from Northern I l l i n o i s .  A l l  
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of t h e  elemental  ana lyses ,  pe t rog raph ic  ana lyses ,  and y i e l d s  of t h e  samples a r e  
presented i n  Table 1. 
previous ly  (1). 
i n  aqueous C s C l  
added t o  d i spe r se  t h e  coa l  p a r t i c l e s .  
t h e  s ink  f r a c t i o n  i s  f u r t h e r  separa ted  i n t o  v i t r i n i t e  and i n e r t i n i t e  f r a c t i o n s  by 
repea t ing  the  procedure a t  a h igher  dens i ty .  The process y ie lded  gram q u a n t i t i e s  
of concent ra tes .  
coa l s  of s imi l a r  o r i g i n  and rank. The technique used f o r  pe t rographic  ana lys i s  has 
a l s o  been repor ted  e a r l i e r  (2 ) .  

The d e t a i l s  of t h e  s ink - f loa t  technique have been reported 
Typica l ly ,  3 micron p a r t i c l e  s i z e  demineralized coa l  i s  Centrifuged 
s o l u t i o n  of t h e  appropr i a t e  dens i ty  with a s m a l l  amount of sur fac tan t  2 The e x i n i t e s  i n  the  f l o a t  a r e  co l l ec t ed  and 

The d e n s i t y  cu to f f  po in t s  were determined from a n a l y t i c a l  DGC of 

I n  t h e  py ro lys i s  experiment, t y p i c a l l y  30 mg of sample w a s  heated i n  a quartz 
tube a t  4OO0C f o r  24 h r s  a t  2x10 
t h e  more v o l a t i l e  products a t  l i q u i d  n i t rogen  temperature.  
were analyzed by GCMPES (MPD-850) us ing  a 25m x 0.25 m i . d .  OV-101 fused s i l i c a  
column and by GCMS (Kratos MS25) us ing  a 30m x 0.25 mm i .d .  DB-5 column. 

t o r r .  Tars were trapped a t  room temperature and 
These two f r a c t i o n s  

The pyridinium iod ide  coa l s  were prepared by r e f lux ing  1 g of coa l  o r  maceral 
concent ra te  i n  60 m l  of py r id ine  w i t h  4 g of iod ine  f o r  70 h r s .  
mixture w a s  poured i n t o  10% aqueous NaHS03 and t h e  s o l u t i o n  f i l t e r e d .  
coa l  was washed f r e e  of py r id ine ,  d r i e d ,  and analyzed. Por t ions  of t h e  ac t iva t ed  
coa l  were oxidized wi th  f r e s h l y  prepared s i l v e r  oxide i n  r e f lux ing  aqueous NaOH. 
The oxida t ion  products,  which were so lub le  i n  a l k a l i n e  a h t i o n ,  were a c i d i f i e d  and 
then ex t r ac t ed  wi th  a s e r i e s  of o rgan ic  so lven t s .  
so lub le  i n  a l k a l i n e  s o l u t i o n  o r  p o l a r  so lven t s .  

The r eac t ion  
The der iva t ized  

The major products were only 

RESULTS AND DISCUSSION 

Of p a r t i c u l a r  i n t e r e s t  i n  t h i s  study is the  na tu re  of t he  non-aromatic s t r u c t u r e s ,  
i n  t h e  th ree  main maceral groups. It should be noted t h a t  t he  e x i n i t e s  i n  both 
these  coa l s  a r e  90% s p o r i n i t e .  
t h e  a l i p h a t i c s ,  are f a i r l y  mobile a t  some period during t h e  formation of coa l  
(5,6).  
r i c h  i n  e x i n i t e s  and some contained a l g i n i t e .  
work have a more normal d i s t r i b u t i o n  of macerals and y e t  t h e  py ro lys i s  r e s u l t s  
i n d i c a t e  t h a t  migra t ion  of molecules from t h e  e x i n i t e s  t o  v i t r i n i t e  and then incor- 
pora t ion  i n t o  the  macromolecular s t r u c t u r e  might have occurred. 

It has been theorized t h a t  smal l  molecules, espec ia l ly  

The s t u d i e s  which suppor t  t h i s  theory were.done on coa l s  t h a t  were very 
The two coa l s  chosen i n  the  present 

Chromatograms from t h e  GCMPES carbon channel of t he  t a r s  from two e x i n i t e s  and 
a v i t r i n i t e  a r e  shown i n  F igure  1. 
t h e  compounds i n  the  t a r  along wi th  a s e r i e s  of t r i t e r p e n e s  which are s l i g h t l y  
a l t e r e d  hopanes. A genera l  s t r u c t u r e  f o r  hopane i s  shown i n  the  upper r i g h t  of the 
f i g u r e .  F i r s t ,  we be l ieve  
t h a t  these  compounds were der ived  from t h e  macromolecular s t r u c t u r e s  i n  these  
macerals. During t h e  p repa ra t ion  of t he  concent ra tes  most of t he  so lub le  molecules 
a r e  removed. Evidence f o r  t h i s  is  found from examination of t he  e x t r a c t s  of the 
whole, un t rea ted  coa l s .  
p r i s t a n e  which has been i d e n t i f i e d  many t i m e s  p rev ious ly  i n  e x t r a c t s  (11) and coal 
l i q u i d s  (12).  
i t  is  s t a b l e  under t h e  cond i t ions  used. A t  least a po r t ion  of t he  macromolecular 
s t r u c t u r e s  i n  the  e x i n i t e  and v i t r i n i t e  could be s imi l a r .  A s  one would expect,  
t he  y i e lds  of t hese  a l i p h a t i c  and a l i c y c l i c  compounds a r e  less i n  the  v i t r i n i t e s .  
The y i e l d s  follow inve r se ly  t h e  f r a c t i o n  of aromatic carbons (4) i n  these  t h r e e  
maceral  groups. 
v i t r i n i t e )  which i s  r e f l e c t e d  i n  t h e  py ro lys i s  y i e lds .  

Long cha in  normal a lkenes  and a lkanes  dominate 

Severa l  p o i n t s  should be  made concerning these  r e s u l t s .  

One of t h e  major compounds i s o l a t e d  is t h e  biomarker 

However, t h i s  compound is absent  from the  py ro lys i s  products ,  although 

The e x i n i t e  concen t r a t e  f o r  t he  Kentucky coa l  i s  q u i t e  impure (50% 

Another s i m i l a r i t y  between v i t r i n i t e  and the  e x i n i t e  i s  t he  ex is tence  of 5 
member r ing  t r i t e r p e n e s  i n  t h e  pyro lysa tes .  
Peak a t  m/z = 191 i n  t h e i r  mass s p e c t r a ,  have been found i n  py ro lys i s  MS O f  a l g i n i t e  

These compounds, which show t h e  base 
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(5 ) .  c o a l  e x t r a c t s  (6,13),  and o i l  sha l e s  (14 )  and are usua l ly  a s soc ia t ed  wi th  some 
type  O f  a l g a l  o r ig ins .  
probably more importantly,  t h a t  they were not  aromatized. From t h e  GCMS i t  appears  
t h a t  only one of t hese  peaks may r ep resen t  a spec ie s  conta in ing  one aromatized 
r ing .  
O f  molecular mobi l i ty  dur ing  t h e  e a r l y  s t a g e s  of t h e  format ion  of t h i s  coa l .  

It i s  s u r p r i s i n g  t h a t  they were found i n  these  c o a l s  and 

Again these  r e s u l t s  sugges t  t h a t  t h e r e  could have been a s i g n i f i c a n t  amount 

There is a much l a r g e r  v a r i a t i o n  between py ro lys i s  product v o l a t i l e  f r a c t i o n s  
f o r  t h e  e x i n i t e s  and v i t r i n i t e s .  
a lkenes  up t o  approximately C19 wi th  C16 being the  most abundant product.  
low molecular weight hydrocarbons such as methane and e thane  were not  analyzed. 
Also, benzene and phenol d e r i v a t i v e s  were found as minor products .  
products were dominated by a romat ics  such as alkylbenzenes,  a lkylnaphtha lenes ,  
phenols,  and naphthols.  The smaller a lkane /a lkenes  were a l s o  found. These r e s u l t s  
are  more cons i s t en t  wi th  what w a s  found i n  py ro lys i s  MS of s p o r i n i t e s  and v i t r i n i t e s  

The s p o r i n i t e  y ie lded  mostly normal a lkanes  and 
The ve ry  

The v i t r i n i t e  

(5 ,7 ) .  

Pyro lys i s  r e s u l t s  f o r  t he  i n e r t i n i t e  concent ra tes  are f a i r l y  inconclus ive  due  
t o  t h e  high concent ra t ion  of v i t r i n i t e  except f o r  t h e  I11 1 2  f u s i n i t e  which w a s  
q u i t e  unreac t ive .  Py ro lys i s  MS of t h i s  f u s i n i t e  shows mostly a lky la t ed  naphthalenes 
and phenanthrenes. What may be i n t e r e s t i n g  i s  t h e  Kentucky i n e r t i n i t e  f r a c t i o n  
which i s  thought t o  con ta in  ~ 5 0 %  pseudo-vi t r in i te .  
ca tegor ized  with v i t r i n i t e s  w a s  placed i n  the  i n e r t i n i t e  column due t o  i t s  low 
r e a c t i v i t y  both i n  py ro lys i s  and i n  the  pyridine-iodine r eac t ion .  

This maceral  which i s  u s u a l l y  

I n  the  formation of t h e  pyridinium salts  t h e  v i t r i n i t e s  were the  most r e a c t i v e  
and gave s imi l a r  r e s u l t s  t o  those  found f o r  a series of v i t r i n i t e  r i c h  c o a l s  of 
va r ious  ranks.  I f  t he  s p o r i n i t e s  had a h ighly  c r o s s  l inked  a l i p h a t i c  s t r u c t u r e  
s i m i l a r  t o  t h a t  found i n  Type I o r  Type I1 o i l  s h a l e  kerogens one would expect 
t hese  e x i n i t e s  t o  be unreac t ive .  However, they have been found t o  be only s l i g h t l y  
l e s s  r e a c t i v e  than v i t r i n i t e .  Apparently,  t h e  y i e l d s  i n  t h i s  r e a c t i o n  cannot 
expla in  t h e  d i f f e rence  i n  r e a c t i v i t y  between s p o r i n i t e s  and v i t r i n i t e s  i n  py ro lys i s  
and SCT l i que fac t ion  (15), bu t  do r e f l e c t  t he  lower r e a c t i v i t y  of i n e r t i n i t e s .  

A t e n t a t i v e  conclus ion  is t h a t  s p o r i n i t e s  and v i t r i n i t e s  of t h e  same rank  have 
ve ry  similar s t r u c t u r e s  bu t  vary  i n  t h e  mix of a l i p h a t i c s  and aromat ics  whi le  t h e  
s t r u c t u r e s  i n  i n e r t i n i t e s  are very  d i f f e r e n t .  
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THE INFLUENCES OF MACERALS ON THE HYDROGEN-DEUTERIUM 
EXCHANGE REACTION BETWEEN TETRALIN AND DIPHENYLMETHANE 

Chol-yoo Choi and Leon M. Stock 

Department of Chemistry 
University of Chicago 
Chicago, Illinois 60637 

INTRODUCTION 

The concept that free radical reactions predominate during coal dissolution re- 
actions is quite widely accepted (1). Recent findings concerning the selective and 
reversible abstraction reactions of hydrogen atoms from tetralin by radicals formed 
during the thermal decomposition of Illinois No. 6 coal at 400°C support this in- 
terpretation (2). 
influence on the rates of the exchange reactions of aromatic, aliphatic, and benzylic 
hydrogen atoms under these conditions whereas compounds such as benzyl phenyl ether, 
benzyl phenyl sulfide, thiophenol, the BDPA radical, anthraquinone, anthrone, tetra- 
cene, and acridine actively promote the benzylic exchange reactions are also in ac- 
cord with the view that radical processes dictate the outcome of coal dissolution 
(2). Indeed, benzyl phenyl sulfide and thiophenol significantly enhance the rate 
of dissolution of Illinois No. 6 coal (3). The interactions between coals and donor 
molecules such as tetralin have been examined in several laboratories to improve the 
understanding of these reactions (2,4-6). However, no information concerning the re- 
activity of coal macerals in such situations has been available. 
have compared the influences of maceral concentrates of some selected coals on the 
exchange reactions between tetralin-dl2 and diphenylmethane. 

The fact that weak organic acids and bases have only a modest 

Accordingly, we 

EXPERIMENTAL. PART 

The macerals used in this study were obtained from G. R. Dyrkacz and R. E. 
Winans of the Argonne National Laboratory. 
density gradient centrifugation and others were prepared by float-sink techniques. 
The coal particles in all these samples were milled to three micron diameter and the 
separations were conducted in the presence of a surface active agent, polyoxyethylene 
(23) lauryl ether, in cesium chloride solutions (7) .  , 

The exchange reactions were conducted using a degassed solution of diphenyl- 
methane (0.376 mmole) and tetralin-dl2 (0.376 mmole) and the maceral material (25 mg) 
in a sealed glass vessel under an argon atmosphere at 400'C. 
carried out for different times depending upon the reactivity of the maceral. 

The products were isolated and analyzed using high field nmr spectroscopy as 
previously described (2). However, the macerals incorporate deuterium during the 
reactions and the change in the deuterium content of tetralin-dl2 is emphasized in 
this report rather than the degree of incorporation of this isotope into diphenyl- 

nor cesium chloride altered the rate of the exchange reactions between tetralin-d12 

As already 
reported (7), the PSOC 106 maceral concentrates were greater than 90% pure. For 
PSOC-828, separation I, it was found that the exinite concentrate contained 91% ex- 
inite and 9% vitrinite; the vitrinite concentrate contained 4% exinite, 90% vitri- 
nite and 6% inertinite; the inertinite concentrate contained 62.5% vitrinite and 

centrate contained 46% exinite, 50% vitrinite, and 5% inertinite; the vitrinite con- 
centrate contained 3% exinite, 93% vitrinite and 5% inertinite; the inertinite con- 
centrate contained 2% exinite, 16% vitrinite, 33% inertinite, and 50% other material-- 
either semifusinite or pseudovitrinite. The data provided by the sample bank strongly 
suggest that this material is semifusinite. 

Some of the samples were prepared by 

The reactions were 

, methane. Control experiments indicated that neither polyoxyethylene (23) lauryl ether 

7 and diphenylmethane. 

' The compositions of the macerals were determined by G. R. Dyrkacz. 

' 
\ 32.5% inertinite. For PSOC-1103, separation 11, it was found that the exinite con- 

137 



RESULTS AND DISCUSSION 

The exchange r eac t ions  of  t h e  macerals i s o l a t e d  from two hvB bituminous coals,  
PSOC-106 and PSOC-828, are presented  i n  Tables  1 and 2, r e spec t ive ly .  

Table 1. The in f luence  of t h e  macerals from PSOC--106 on t h e  deuterium-hydrogen ex- 
change r eac t ion  of t e t r a l i n - d l 2  and diphenylmethane a t  400°C a 

Maceral (mg) Deuterium Content of T e t r a l i n  (%) 

Aromatic Benzylic A l ipha t i c  
P o s i t i o n s  P o s i t i o n s  Pos i t i ons  

None 95.1 
Ex in i t e  (25.3) 94.7 
Ex in i t e  (24.9) 95.6 
V i t r i n i t e  (25.6) 95.4 
V i t r i n i t e  (25.4) 95.3 
I n e r t i n i t e  (25.1) 95.1 
I n e r t i n i t e  (25.2) 94.7 

92.3 
79.6 
83.8 
84.9 
84.2 
86.7 
86.9 

92.3 
89.1 
90.1 
89.9 
89.7 
89.3 
88.6 

aiphenylmethane (0.376 m o l e )  and t e t r a l i n - d l 2  (0.376 mmole) were r eac t ed  f o r  
60 minutes i n  t h e  presence of  t h e s e  macerals.  
experiments contained 96.1, 96 .8  and 93.7% deuterium a t  t h e  aromatic,  benzyl ic ,  
and a l i p h a t i c  pos i t i ons .  

Table 2 .  The in f luence  of macerals from PSOC-828 on the deuterium-hydrogen 

The t e t r a l i n - d l 2  used i n  these  

exchange r e a c t i o n  of  t e t r a l in -d l2  and diphenylmethane a t  400°C a 

Maceral (mg) D e u t e r i y  Content of T e t r a l i n  (%) 
Benzylic A l ipha t i c  

Pos i t i ons  Aromatic 
P o s i t i o n s  P o s i t  i ons  

Experimental S e r i e s  A 

None 94.7 
Demineralized coal (25.6) 94 .1  
Ex in i t e  (25.4) 94.3 
V i t r i n i t e  (25.4) 94.1 
I n e r t i n i t e  (25.8) 94.7 

Experimental S e r i e s  B 

None 95.7 
Raw whole c o a l  95 .O 
Demineralized c o a l  95.0 
Ex in i t e  94.9 
V i t r i n i t e  95.5 
I n e r t i n i t e  94.9 

91.3 
82.5 
75.9 
80.0 
82.4 

92.2 
75.8 
80.2 
80.0 
81.1 
81.5 

93.0 
90.8 
90.6 
90.9 
90.3 

92.7 
89.2 
89.6 
89.1 
88.8 
87.5 

aiphenylmethane (0.376 m o l e )  and t e t r a l in -d l  
f o r  60 minutes i n  t h e  presence of these  macerais. 
experiments conta ined  96.1,  96.8 and  93.7% deuterium a t  t h e  a romat ic ,  benzyl ic ,  
and a l i p h a t i c  pos i t i ons .  

(0.376 m o l e )  were r eac t ed  f o r  
The t e t r a l i n - d l 2  used i n  these  

The exchange r eac t ions  of t h e  macerals i s o l a t e d  from d i f f e r e n t  coa l s  are 
presented  i n  Table  3. 
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Table 3. The influences of macerals isolated from different coals on the 
deuterium-hydrogen exchange reaction of tetralin-dl2 and diphenyl- 
methane at 400°C a 

Source of Maceral (mg) Deuterium Content of Tetralin (%) 

Aroma tic Benzylic Aliphatic 
Positions Positions Positions 

Experimental Series C, Vitrinites 
None 
PSOC-828, separation I, (25.3) 
PSOC-828, separation 11 (25.3) 
PSOC-1103, separation I (25.1) 
PSOC-1103, separation 11 (25.4) 
Illinois No. 2, undemineralized (25.2) 
Illinois No. 2, demineralized (25.2) 

Experimental Series D, Exinites 
PSOC-828, separation I (25.1) 
PSOC-828, separation I1 (25.1) 
PSOC-1103, separation 11 (25.0) 

Experimental Series E, Inertinites 
PSOC-828, separation I (25.4) 
PSOC -828, separation I1 (25.4) 
PSOC-1103, separation 11 (25.2) 

94.7 
94.3 
93.9 
93.9 
93.5 
94.1 
94.0 

91.7 92.4 
81.5 89.1 
76.3 87.8 
79.2 87.4 
77.9 88.1 
78.7 90.2 
78.0 89.5 

94.7 
93.9 
94.1 

78.0 89.2 
78.4 88.6 
77.9 87.4 

94.9 
94.5 
94.3 ' 

81.7 89.7 
80.8 88.9 
76.5 89.4 

aDiphenylmethane (0.376 mmole) and tetralin-dl2 (0.376 mole) were reacted for 
60 minutes in the presence of these macerals. 
experiments contained 96.1, 96.8 and 93.7% deuterium at the aromatic, benzylic, 
and aliphatic positions. 

The tetralin-dl2 used in these 

Collins and his coworkers reported that Illinois No. 6 coal reduced benzophenone 
to diphenylmethane (8,9). 
the macerals. The results are summarized in Table 4. 

Table 4. The effectiveness of macerals isolated from different coals for the 

We have used this reaction to assay the reactivities of 

reduction of benzophenone at 400°C for 60 minutes a 

Reducing Agent (mg) Reduction ( X )  

Experimental Series F, PSOC-828, Separation I 
Tetralin (51) 
Demineralized whole coal (5.2) 
Exinite (5.2) 
Vitrinite (5.1) 
Inertinite (5.1) 
Experimental Series G ,  PSOC-1103, Separation I1 

1.0 
2.0 
3.6 
2.1 
1.9 

Tetralin (51) 1.2 
Demineralized whole coal (5.8) 3.9 
Exinite (5.7) 3.5 
Vitrinite (5.6) 3.2 
Inertinite (5.8) 1.5 

aThe reaction solutions in glass vessels were degassed prior to the introduction 
of argon and sealing. 
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The h igh ly  p u r i f i e d  macera ls  obtained from PSOC-106 s e l e c t i v e l y  enhance the  
r a t e  of t h e  exchange r e a c t i o n  a t  t he  benzylic pos i t i on  Of t e t r a l in -d l2 .  
of r e a c t i v i t y ,  e x i n i t e s  > v i t r i n i t e s  > i n e r t i n i t e s ,  i s  c l e a r l y  e s t ab l i shed  f o r  
t h e  macerals of t h i s  coa l .  The macerals a l s o  enhance the  exchange r eac t ions  a t  the 
a l i p h a t i c  p o s i t i o n s  of t e t r a l i n ,  but t o  a l e s s e r  degree.  No s i g n i f i c a n t  exchange 
occurs at t h e  aromatic p o s i t i o n s  of t e t r a l i n  or diphenylmethane under t h e  conditions 
of these experiments.  It  i s  no tab le  t h a t  t he  r a t i o  of benzyl ic  t o  a l i p h a t i c  ex- 
change decreases  as the degree of benzyl ic  exchange decreases .  The f ind ing  is  con- 
b a t i b l e  wi th  the  view t h a t  t he  r a d i c a l s  produced from the  macerals of l e s s e r  re- 
a c t i v i t y ,  t h e  i n e r t i n i t e s  i n  t h i s  i n s t ance ,  a r e  l e s s  s e l e c t i v e .  

obtained from PSOC-828 and PSOC-1103 have some f e a t u r e s  i n  common wi th  the  r e s u l t s  
f o r  the pure  macerals of PSOC-106. I n  a l l  ca ses ,  t h e  r eac t ion  occurs s e l e c t i v e l y  
a t  t h e  benzyl ic  pos i t i ons .  In  a d d i t i o n ,  t h e  same r e a c t i v i t y  sequence, e x i n i t e  > 
v i t r i n i t e  > i n e r t i n i t e ,  is a l s o  observed f o r  PSOC-828. However, t h e  d i f f e rences  i n  
r e a c t i v i t y  are somewhat less sha rp ly  def ined ,  poss ib ly  because the  i n e r t i n i t e  con- 
cen t r a t e  conta ins  a l a r g e  amount of  v i t r i n i t e .  I n  c o n t r a s t ,  t h e  i n e r t i n i t e  f r ac t ion  
obtained from PSOC-1103 e x e r t s  a g r e a t e r  a c c e l e r a t i n g  in f luence  on the  exchange re- 
ac t ion  than does t h e  v i t r i n i t e  obtained from the  same coa l .  Ana ly t i ca l  da ta  ind ica t e  
t h a t  t h i s  i n e r t i n i t e  f r a c t i o n  i s  expec ia l ly  r i c h  i n  s u l f u r .  Consequently, the  high 
r e a c t i v i t y  is not unexpected (3 ) .  

The r e s u l t s  obtained i n  the  reduct ion  of benzophenone, although not without 
anomalies, a r e  more r egu la r  than t h e  r e s u l t s  obtained i n  t h e  exchange r eac t ions .  
The r e a c t i v i t y  sequence, e x i n i t e  :> v i t r i n i t e  > i n e r t i n i t e ,  i s  observed f o r  both 
PSOC-828 and PSOC-1103. Moreover, t he  i n e r t i n i t e  concent ra tes  from these  coa ls  a r e  
both moderately more r e a c t i v e  than t e t r a l i n .  

t h e  hydrogen donor capac i ty  of t h e  d i f f e r e n t  macerals obtained from th ree  d i f f e ren t  
coa l s ,  however, t h e  d i f f e r e n c e s  i n  r e a c t i v i t y  i n  t h e  t e s t  r eac t ions  used i n  our 
study a re  not  h ighly  pronounced. 

The order 

The observa t ions  f o r  t he  exchange r eac t ions  of t he  somewhat l e s s  pure macerals 

This pre l iminary  s e r i e s  of observa t ions  r evea l  t h a t  t he re  a r e  d i f f e rences  i n  
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E f f e c t  o f  Thermal A l t e r a t i o n  on Pe t rog raph ic  
C o n s t i t u e n t s  o f  t h e  Hanna No. 1 Coal 

F. J. Rich  

South Dakota School o f  Mines and Technology 
Rapid City, South Dakota 57701 

A. 0. Youngberg 
U. S. Department o f  Energy, 

Laramie Energy Technology Center  
P.O. Box 3395, U n i v e r s i t y  S t a t i o n  

Laramie, Wyoming 82071 

Department o f  Geology and Geologica l  Eng ineer ing  

INTRODUCTION 

The Un i ted  S ta tes  Department o f  Energy, Laramie Energy Technology Center, (LETC) 
has conducted numerous underground coa l  g a s i f i c a t i o n  (UCG) experiments. DOE r e c o g n i -  
zes t h e  great  p o t e n t i a l  va lue o f  UCG as a means o f  e x t r a c t i n g  energy f rom coa l  beds 
which cannot o the rw ise  be u t i l i z e d .  
mined, o r  a re  u n s u i t a b l e  f o r  underground min ing,  y e t  c o n s t i t u t e  a vast  energy 
reserve.  We a re  c u r r e n t l y  deve lop ing  UCG techno logy  which should l ead  t o  an energy-  
and c o s t - e f f i c i e n t  means o f  u t i l i z i n g  such coa l  beds. 

LETC has chosen t h e  Hanna No. 1 coal  f o r  exper imenta l  UCG work. The Hanna No. 1 
l i e s  w i t h i n  t h e  Paleocene Hanna Format ion and i s  con f ined  t o  t h e  Hanna Coal B a s i n  o f  
Wyoming (F igu re  1). The No. 1 coal  has been c l a s s i f i e d  as a h i g h - v o l a t i l e  C b i t u m i -  
nous coal  (1). 

t h e  Hanna s i t e .  Whi le  these i n c l u d e  proper  i n s t a l l a t i o n  and use o f  su r face  f a c i l i -  
t i e s ,  LETC personnel have a l s o  recognized t h e  need f o r  a complete understanding o f  
t h e  coa l  i t s e l f .  Through c a r e f u l  a n a l y s i s  o f  t h e  coal ,  improved systems f o r  conver-  
s i o n  t o  h igh  q u a l i t y  gaseous f u e l  can be designed. Var ious t ypes  o f  analyses have 
been performed on samples o f  a l t e r e d  and u n a l t e r e d  coa l  and carbonaceous sha les  f rom 
t h e  Hanna s i t e .  

Many beds a r e  t o o  deeply  b u r i e d  t o  be s t r i p -  

Various approaches have been used t o  improve t h e  e f f i c i e n c y  o f  t h e  UCG process a t  

Th is  r e p o r t  d e t a i l s  t h e  r e s u l t s  of one aspect  o f  t hose  analyses. 

PURPOSE OF THE STUDY 

The purpose of t h e  s tudy has been t o  c o n s t r u c t  a geothermometer based upon v i s i b l e  
thermal  a l t e r a t i o n s  i n  t h e  o rgan ic  c o n s t i t u e n t s  o f  Hanna No. 1 coa l  and carbonaceous 
s h a l e  samples. Youngberg, a t  LETC, and Rich, a t  t h e  South Dakota School o f  Mines and 
Technology (SDSM&T) agreed t h a t  a c o r r e l a t i o n  m igh t  be made between d i s c r e t e  a l t e r a -  
t i o n  temperatures and unique p e t r o g r a p h i c  composi t ions produced by a l t e r a t i o n .  
such a c o r r e l a t i o n  c o u l d  be made, then  samples o f  coa l  and/or carbonaceous s h a l e  
taken  f rom UCG s i t e s  c o u l d  be observed m i c r o s c o p i c a l l y  and d e t e r m i n a t i o n s  made as t o  
t h e  maximum temperatures t o  which t h e  sediments had been subjected.  The o rgan ic  
c o n s t i t u e n t s  o f  t h e  samples, termed macerals, were observed, descr ibed,  and quan- 
t i f i e d  as changes occu r red  i n  t h e i r  appearances d u r i n g  h e a t i n g  a t  p r o g r e s s i v e l y  
h i g h e r  temperatures. 

If 

LABORATORY METHODS 

Sample P r e p a r a t i o n  

Crushed bu lk  samples o f  coa l  and carbonacaous sha le  f rom t h e  Hanna 170 sample 
s i t e  were sent t o  SDSM&T. 
l o w  ash sample (12.7% d r y  bas i s ) ,  w h i l e  t h e  sample i n t e r v a l  279.7-280.7 f e e t  was 

One sample from 277-278 f e e t  dep th  was chosen f o r  a 



chosen f o r  a h i g h  ash sample (63% d r y  bas i s ) .  A t h i r d  sample i n t e r v a l ,  284.2-285.2 
f e e t  was added t o  t h e  work schedule about midway th rough  t h e  p r o j e c t .  
p e t r o g r a p h i c  compos i t i on  i n d i c a t e d  i t  might  a c t u a l l y  pe r fo rm b e t t e r  as an i n d i c a t o r  
o f  thermal  a l t e r a t i o n  t h a n  t h e  o r i g i n a l  samples. 

I t s  unusual 

F i v e  gram samples were p laced i n  a p r e v i o u s l y  weighed c r u c i b l e ,  and t h e i r  com- 
The furnace, meanwhile, had been heated t o  t h e  des i red b ined we igh t  was recorded. 

temperature and tho rough ly  f l u s h e d  w i t h  he l ium.  
t o t a l l y  i n e r t  and would no t  cause a l t e r a t i o n s  i n  t h e  samples i n  and o f  i t s e l f .  
Hea t ing  was done a t  50°C i n t e r v a l s  between room temperature (-20°C) and 600'C. 

A f t e r  be ing  heated f o r  1 hour, t h e  c r u c i b l e  was removed f rom t h e  fu rnace  as 
q u i c k l y  as p o s s i b l e  and weighed t o  r e c o r d  any weight  change. Each sample was mixed 
immediate ly  wi th  APCO adhesive #5823. Th is  i s  a low v i s c o s i t y  epoxy- type embedding 
medium which i s  commonly used f o r  coal  p e l l e t  p repara t i on .  The m i x t u r e  o f  coal  or 
sha le  and epoxy was d i v i d e d  between two s t e e l  1 - i nch  i n t e r n a l  d iameter  s t e e l  molds, 
and compressed a t  7000 p s i  f o r  2 minutes. 
was labe led ,  t h e n  ground and p o l i s h e d  on a J a r r e t  Automatic Gr ind -Po l i she r .  

Hel ium was chosen because i t  i s  

A f t e r  each sample hardened (-18 hours) it 

Furnace C o n s t r u c t i o n  

The fu rnace  apparatus c o n s i s t e d  o f  two P a r r  oxygen bombs connected by a l e n g t h  of 
t e f l o n - l i n e d  s t e e l  mesh hose ( F i g u r e  2). Only one bomb was used as a furnace. The 
furnace bomb was wrapped wi th  Samox-insulated h e a t i n g  tape, which was then  covered 
w i t h  severa l  w ind ings  o f  Glaspun f i b e r g l a s s  i n s u l a t i n g  tape. The h e a t i n g  tape was 
p lugged i n t o  a v a r i a b l e  t r a n s f o r m e r  which p rov ided  c u r r e n t  f o r  hea t  generat ion.  

The l i d  o f  a Par r  oxygen bomb i s  equipped w i th  seve ra l  f i x t u r e s ,  i n c l u d i n g  one- 
way gas va l ves  which a l l o w  f l o w  e i t h e r  i n t o  o r  ou t  o f  t h e  bomb, and two e l e c t r i c a l  
t e r m i n a l s  which, under  o r d i n a r y  oxygen bomb opera t i on ,  p r o v i d e  a heat  source f o r  
sample i g n i t i o n .  The i n l e t  gas v a l v e  on t h e  fu rnace  bomb was connected t o  a he l ium 
tank ,  w h i l e  t h e  e x i t  v a l v e  was connected t o  t h e  s t e e l  mesh hose. The hose was a l so  
connected t o  t h e  second bomb, as p r e v i o u s l y  mentioned. The stream o f  hel ium, then, 
f lowed i n t o  t h e  furnace bomb, ou t  t h rough  t h e  hose, and i n t o  t h e  second bomb. From 
t h e r e ,  gases were exhausted i n t o  a fume hood. The second bomb served as a b a r r i e r  t o  
atmospheric gases which m igh t  have a c c i d e n t a l l y  en te red  t h e  fu rnace  bomb, and the re -  
f o r e  helped t o  p reven t  unwanted o r  dangerous combustion o f  samples. 

One of t h e  two e l e c t r i c a l  t e r m i n a l s  i n  t h e  f u r n a c e  bomb l i d  was removed, and a 
thermocouple i n s e r t e d  i n  i t s  place. The thermocouple was wrapped w i t h  f i b e r g l a s s  
i n s u l a t i o n  t o  p r o v i d e  a t i g h t  seal  a g a i n s t  t h e  a i r  o u t s i d e  t h e  bomb. The end o f  t h e  
thermocouple was i n s e r t e d  t o  a l e v e l  j u s t  above and t o  t h e  s i d e  o f  t h e  c r u c i b l e  
( F i g u r e  2) i n  o r d e r  t h a t  t h e  heat  sensor would measure t h e  fu rnace  temperature a t  t he  
sample l o c a t i o n  w i t h i n  t h e  bomb. Accurate temperature m o n i t o r i n g  was p rov ided  by an 
Omega d i g i t a l  c e n t i g r a d e  thermometer which was a t tached  t o  t h e  thermocouple. 

The c r u c i b l e  was p laced  w i t h i n  a c i r c u l a r  l o o p  o f  w i r e  which i s  designed t o  ho ld  
more conven t iona l  oxygen bomb samples. The c r u c i b l e  r e s t e d  i n  about t h e  m idd le  o f  
t h e  furnace chamber and was, presumably, heated even ly  f r o m  a l l  s ides.  

A t y p i c a l  sample r u n  c o n s i s t e d  o f  t h e  f o l l o w i n g  steps: 

1. h e a t i n g  o f  f u rnace  bomb t o  p r e s e l e c t e d  tempera tu re  

2. f l u s h i n g  o f  b o t h  bombs wi th  he l i um 

3. r e c o r d i n g  o f  sample weight  
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4. i n s e r t i o n  o f  c r u c i b l e  i n t o  fu rnace  bomb 

5. secu r ing  furnace bomb l i d  

6. 

7. removal of furnace bomb l i d  and sample 

8. weighing o f  sample 

9. 

h e a t i n g  i n  a he l i um stream f o r  1 hour  

immediate m i x i n g  o f  sample w i t h  epoxy 

10. p e l l e t  p ress ing  and p o l i s h i n g  

Sample Ana lys i s  

Methods o f  ana lyz ing  p o l i s h e d  p e l l e t s ,  o r  b r i q u e t t e s  o f  coa l  a r e  f a i r l y  w e l l  
es tab l i shed .  Stach ( 2 )  presents  a conc ise  rev iew  o f  techniques.  The method o f  
microscope a n a l y s i s  employed i n  t h i s  s t u d i e d  i n v o l v e d  i n c i d e n t  i l l u m i n a t i o n  o f  
p o l i s h e d  p e l l e t  su r faces  and obse rva t i on  a t  500 X m a g n i f i c a t i o n  i n  o i l  immersion. 
B l u e - l i g h t  ( a c t u a l l y  b lue-and u l t r a v i o l e t  wavelengths) was employed i n i t i a l l y ,  though 
one t y p i c a l l y  observes samples u s i n g  i n c i d e n t  "wh i te "  l i g h t .  Such "wh i te "  l i g h t  ana- 
l y s e s  were prov ided by LETC, however, and so were no t  d u p l i c a t e d  by R ich  f o r  unheated 
samples. The average maceral composi t ions o f  108 u n a l t e r e d  samples o f  Hanna No. 1 
coa l  a r e  shown i n  Table 1. 

TABLE 1. Average Maceral Composit ion (minera l  -ma t te r  f r e e  b a s i s )  
o f  108 Una l te red  Coal Samples f rom t h e  Hanna UCG s i t e  (1). 

MACERAL GROUP VOLUME % MACERAL VOLUME % 

V i  tri n i  t e  

L i  p t i n i  t e  
( E x i n i  t e )  

I n e r t i  n i  t e  

91.8 V i t r i n i t e  90.3 
P s e u d o v i t r i n i t e  1.5 

6.1 

2.1 

E x i n i t e  5.5 
R e s i n i t e  0.6 

Semi -Fus in i t e  1.0 
Semi -Macr i  n i t e  0.1 
F u s i n i t e  0.3 
M a c r i n i  t e  0.1 
M i c r i n i  t e  0.5 
Scl  e r o t i n i  t e  0.1 

The a p p l i c a t i o n  o b l u e - l i g h t  was done a t  f i r s t  mere ly  t o  see how many o f  t h e  
macera ls  i n  t h e  Hanna 170 samples would f l uo resce .  
t i n i t e  macerals (waxes, r e s i n s ,  spores, e t c . )  t o  f l u o r e s c e  b r i g h t l y ,  e s p e c i a l l y  i n  
low-rank coa ls .  As t h e  l i p t i n i t e s  f l u o r e s c e  they  can be e a s i l y  i d e n t i f i e d  and quani -  
t i f e d .  

s u a l l y  common i n  t h e  Hanna 170 co re  samples. 
o i l -  o r  r e s i n - l i k e  l i p t i n i t e  which has been recognized o n l y  i n  r e c e n t  y e a r s  (3). 
occupies open spaces w i t h i n  t h e  coa l ,  and t h e r e f o r e  tends t o  be found i n  f r a c t u r e s  o r  

I n c i d e n t  b l u e - l i g h t  causes l i p -  

Sample surveys revea led  a p a r t i c u l a r  t y p e  o f  l i p t i n i t e ,  e x u d a t i n i t e ,  t o  be unu- 
E x u d a t i n i t e  i s  a m o b i l e  o r  semi-mobile 

It 
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t h e  lumens o f  c o a l i f i e d  c e l l s .  
common i n  s t r u c t u r e d  woody t i s s u e  ( t e l i n i t e )  and funga l  bodies ( s c l e r o t i n i t e ) .  
Inasmuch as e x u d a t i n i t e  i s  r a t h e r  mobi le ,  and may a c t u a l l y  m i g r a t e  o u t  o f  samples 
i n t o  t h e  immersion o i l  (4)  R i c h  dec ided  t o  emphasize e x u d a t i n i t e  analyses. 
r a t i o n a l e  was t h a t ,  i f  any substances i n  t h e  Hanna samples would r e a c t  q u i c k l y  t o  
thermal  a l t e r a t i o n ,  e x u d a t i n i t e  would c e r t a i n l y  be among them. E x u d a t i n i t e  i s  con- 
f i d e n t l y  i d e n t i f i e d  o n l y  i n  b l u e - l i g h t ,  as i t  f l u o r e s c e s  b r i g h t l y ,  b u t  i s  n e a r l y  
i n v i s i b l e  i n  "wh i te "  l i g h t .  In v iew o f  those f a c t s ,  and because e x u d a t i n i t e  i s  
b e l i e v e d  t o  be o f  g r e a t  p o t e n t i a l  v a l u e  i n  geothermometry, R ich  concen t ra ted  on 
b l u e - l i g h t  analyses. 

ces o f  macerals. 
pressed onto t h e  c l a y  so t h a t  t h e  observed s u r f a c e  l a y  p a r a l l e l  w i t h  t h e  microscope 
stage. Counts were performed a long  p a r a l l e l  t r a n s e c t s  which d i d  n o t  over lap.  
P e l l e t s  were moved l a t e r a l l y  by d i s c r e t e  u n i t s  so t h a t  no ad jacen t  f i e l d s  o f  v iew 
overlapped. One p o i n t  was counted p e r  f i e l d  o f  view, t h a t  p o i n t  l y i n g  a t  t h e  i n t e r -  
s e c t i o n  o f  an o c u l a r  c r o s s - h a i r  r e t i c l e .  F i v e  hundred p o i n t s  were counted Per 
p e l l e t ,  and bo th  p e l l e t s  p e r  sample were observed, p r o v i d i n g  1000 p o i n t s  pe r  sample. 

TABLE 2 

E x u d a t i n i t e  i n  t h e  Hanna 170 samples i s  e s p e c i a l l y  

The 

Two p e l l e t s  f rom each sample i n t e r v a l  were counted t o  determine r e l a t i v e  abundan- 
Each p e l l e t  was a t t a c h e d  t o  a g lass  s l i d e  w i t h  model ing c l a y  and 

CHANGES I N  LIPTINITE COMPOSITION FOR 
SAMPLES FROM 277-278 FEET 

Temyeqrature'C 
~. 

50 
100 
150 
200 
2 50 
300 
350 
400 

Tem;;rature"C 

50 
100 
150 
200 
250 
300 
350 
400 

# L i p t o d e t r i n i t e  
% L i p t i n i t e s  # E x u d a t i n i t e  & B i t u m i n i t e  

4.4 10 17 
4.9 12 22 
3.6 14 14  
2.8 
3.7 
4.0 
2.8 
1.0 
0.0 

8 
22 
17 
13 

7 
0 

TABLE 3 

CHANGES I N  LIPTINITE COMPOSITION FOR SAMPLES 
FROM INTERVAL 284.2-285.2 FEET 

# L i p t o d e t r i n i t e  
% L i p t i n i t e s  # E x u d a t i n i t e  & B i t u m i n i t e  

7.7 1 58 
8.5 3 67 

11.5 4 87 
9.3 7 68 
8.3 4 69 
8.5 2 67 

38 
6 
0 

5.2 
0.8 
0.0 

1 
0 
0 

# E x i n i t e  
10 
B 
4 
5 
5 
5 
6 
0 
0 

# E x i n i t e  
10 
9 

12 
14 
5 
7 
8 
2 
0 
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RESULTS 

Tables 2 and 3 i l l u s t r a t e  severa l  of t h e  changes which took  p l a c e  d u r i n g  h e a t i n g  
The f o l l o w i n g  o f  samples from t h e  277-278 and 284.2-285.2 f o o t  l e v e l s  r e s p e c t i v e l y .  

obse rva t i ons  may be made: 

I n  samples from b o t h  l e v e l s  t h e r e  was a gradual decrease i n  percentages o f  
t o t a l  l i p t i n i t e s  as temperatures increased.  

A t  bo th  sample i n t e r v a l s ,  f l uo rescence  e s s e n t i a l l y  ceased a t  400°C. 

Reac t ion  v e s i c l e s  devel oped w i t h i n  v i t r i n i t e  p a r t i c l e s  between 250-300°C. 
V i t r i n i t e  which con ta ined  spores o r  p o l l e n ,  r e s i n  bodies,  e t c .  became espe- 
c i a l l y  ves i cu la r .  E x u d a t i n i t e  showed d i s t i n c t  r e a c t i v i t y  w i th  consequent 
evacuat ion f rom s c l e r o t i n i t e  bodies and i n t e r s t i c e s  among c r y s t a l s  i n  p y r i t e  
framboids. Cracks developed i n  v i t r i n i t e .  

Between 300-350°C v i t r i n i t e  became o b v i o u s l y  cracked and v e s i c u l a r .  
R e s i n i t e s  c l e a r l y  showed a l t e r a t i o n  r ims  as t h e y  reacted.  

Between 350-400°C v i t r i n i t e  became i n c r e a s i n g l y  v e s i c u l a r ,  w i t h  v e s i c l e  s i z e  
and abundance inc reas ing .  
many ves i c les .  E x u d a t i n i t e  and r e s i n i t e  n e a r l y  vanished. 

W i t h i n  t h e  400-500°C range r e f l e c t i v i t y  o f  v i t r i n i t e  p a r t i c l e s  appeared t o  be 
much more uni form.  
i n  e i t h e r  "wh i te "  o r  b l u e  l i g h t .  

A t  5OO-60O0C, eve ry  coal  p a r t i c l e  developed a m u l t i t u d e  o f  v e s i c l e s ,  and many 
were i n t e n s e l y  cracked, almost b recc ia ted .  Coal p a r t i c l e s  were o f  u n i f o r m  , 
c o l o r  and compos i t i on  except f o r  t h e  v e s i c l e s  and cracks. 

Glassy o r  p i t c h e y  appear ing d e p o s i t s  occu r red  i n  

R e s i n i t e ,  e x i n i t e ,  c u t i n i t e ,  e t c .  were no l onger  v i s i b l e  

Samples from t h e  279.7-280.7 f o o t  i n t e r v a l  were no t  p o i n t  counted i n  b l u e  l i g h t .  
The abundant c l a y  p a r t i c l e s  were f i l l e d  w i t h  d e t r i t a l  l i p t i n i t e s  and were s a t u r a t e d  
w i t h  b i t u m i n i t e .  
t o  e x u d a t i n i t e ,  which f r e q u e n t l y  i n f i l t r a t e s  t h e  l a y e r s  o f  c l a y  m ine ra l s .  
causes t h e  c lays  and i n t e r s t i c e s  among c l a y  p a r t i c l e s  t o  f l uo resce .  It i s  a lmost  
imposs ib le  t o  ge t  an accurate q u a n t i f i c a t i o n  of  b i t u m i n t e  i n  such c l a y e y  samples as 
v i r t u a l l y  e v e r y t h i n g  f l uo resces ,  y e t  c l e a r l y  t h e  samples a r e  n o t  pu re  b i t u m i n i t e .  
A l t e r a t i o n  i n  shale samples proceeded as l i s t e d  f o r  t h e  o t h e r  samples, however. 

B i t u m i n i t e  i s  another  semi-mobile maceral, s i m i l a r  i n  some respec ts  
It t h u s  

D I S C U S S I O N  AND CONCLUSIONS 

D i s t i n c t  pe t rog raph ic  changes d i d  t a k e  p l a c e  i n  t h e  Hanna No. 1 samples as t h e y  
were heated. Decreasing abundances of f l uo rescence  macerals, i n c r e a s i n g  v e s i c u l a r i t y  
and c r a c k i n g  i n  v i t r i n i t e s ,  and eventual  e l i m i n a t i o n  o f  a l l  macera ls  except v i t r i n i t e  
can be c o r r e l a t e d  w i t h  temperature ranges. It should, then, be f e a s i b l e  t o  t a k e  
samples of carbonaceous sha le  and coa l  f rom UCG bu rn  s i t e s  and de te rm ine  t h e  thermal 
g r a d i a n t  away f rom t h e  s i t e s .  

d i f f e r e n t  r a t e s  when heated. 
t i n i t e s ,  though e v e n t u a l l y  a l l  t h e  macerals become i n v o l v e d  i n  t h e  phys i ca l  a l t e r a -  
t i o n s .  The f a c t  t h a t  l i p t i n i t e s  r e a c t  e a r l i e r  t han  v i t r i n i t e s  may c a r r y  impor tan t  
i m p l i c a t i o n s  as f a r  as m a i n t a i n i n g  optimum gas compos i t i on  and p r o d u c t i o n  a r e  con- 
cerned. 

T h i s  work has a l s o  shown t h a t  macerals i n  t h e  Hanna No. 1 coa l  r e a c t  a t  q u i t e  
L i p t i n i t e s  a re  a l t e r e d  b e f o r e  v i t r i n i t e s  and i n t e r -  
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L i p t i n i t e s ,  f o r  example, a r e  en r i ched  i n  hydrogen as compared t o  t h e  o t h e r  
maceral groups. As l i p t i n i t e s  decompose t h e r m a l l y ,  then,  one would expect  
gases wi th  a h i g h  hydrogen/carbon r a t i o  t o  be produced. 
Hanna No. 1 which c o n t a i n s  an abundance o f  e a s i l y  a l t e r e d  l i p t i n i t e s  (e.g. t h e  
r e s i n i t e - r i c h  B l i n d  Canyon seam o f  Utah) convers ion o f  coa l  t o  gas c o u l d  occur  
a t  a compara t i ve l y  low tempera tu re  and y e t  y i e l d  a gaseous product  en r i ched  i n  
hydrogen. 
m igh t  r e q u i r e  h i g h e r  convers ion  temperatures which would i n v o l v e  more v i t r i n i t e  
i n  the convers ion  r e a c t i o n s  i n  o r d e r  t o  produce gases w i t h  a h i g h  hydrogen content .  

An a d d i t i o n a l  obse rva t i on  i s  t h a t  a t  h i g h e r  temperatures, i.e., 400% and above 
where p a r t i c l e s  become v e s i c u l a r  and f r a c t u r e d  t h e  r e a c t i v e  su r face  area w i t h i n  coal 
f ragments i s  much g r e a t e r  t han  a t  c o o l e r  temperatures. The abundance o f  v e s i c l e s  and 
t h e  eventual  b r e c c i a t i o n  o f  t h e  p a r t i c l e s  should a l l o w  t h e  coa l  t o  r e a c t  more r e a d i l y  
w i t h  hot gases w i t h i n  t h e  g a s i f i c a t i o n  chamber. B r e c c i a t e d  coa l  p a r t i c l e s  would, of 
course, a l s o  a l l o w  product  gases t o  move more r e a d i l y  t h rough  t h e  coa l  bed than  i f  
t h e  coal f ragments were l e s s  e x t e n s i v e l y  broken. 

w i l l  be those where c a r e f u l  c o n s i d e r a t i o n  has been g i v e n  t o  t h e  pe t rog raph ic  com- 
p o s i t i o n  o f  t h e  coals .  Petrography can be  used bo th  as a geothermometer and as a 
techn ique  t o  p r e d i c t  coa l  r e a c t i v i t y  d u r i n g  underground g a s i f i c a t i o n .  

I n  a coal ,  such as t h e  

On t h e  o t h e r  hand, c o a l s  which do n o t  have such an abundance o f  l i p t i n i t e s  

We b e l i e v e  t h e  r e s u l t s  o f  t h e  work show t h a t  t h e  most successfu l  UCG opera t i ons  

1. 

2. 

3. 

4. 
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Figure 1 
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HYDROUS METAL OXIDE ION EXCHANGERS AS 
HYDROGENATION CATALYSTS FOR DIRECT COAL LIQUEFACTION* 

H. P. Stephens, R. G. Dosch and F. V. Stohl 

Sandia National Laboratories, Albuquerque, NM 87185 

INTRODUCTION 

Interest in efficient conversion of coal to liquid fuels has 
encouraged exploration of promising catalytic systems for direct 
coal liquefaction. We have identified a group of hydrous oxide ion 
exchange compounds of Ti, Zr, Nb, and Ta which can be used to 
prepare hydrogenation catalysts by a novel synthesis route involving 
exchange of active metals into these compounds. Hydrous oxide ion 
exchange compounds have previously been investigated at Sandia 
National Laboratories for use in decontamination of aqueous nuclear 
waste (1,2) and as precursors for ceramic materials (3). A number 
of properties of the compounds suggested their use as substrates f o r  
catalyst preparation: 1) any metal or mixture of metals can be 
atomically dispersed in the materials over a wide concentration 
range by a simple process; 2 )  the materials have high surface areas; 
3) they exhibit good chemical stability; 4) solution chemistry or 
high temperature reactions can be used to provide active metal 
oxidation state control; and 5 )  acidity and basicity of the 
substrate can be modified by ion exchange. 

may exhibit wide versatility for catalyst preparation, it was not 
known if catalysts synthesized by exchanqing ions of active metals 
into the material would exhibit hydrogenation activity. The purpose 
of the experiments reported here was to explore the hydrogenation 
activity of these materials for  slurry phase catalysis of direct 
coal liquefaction. It is also possible that hydrous metal oxide ion 
exchangers may be used to prepare multifunctional catalysts and 
catalysts for other reactions such as oxidation or dehydrogenation. 

Although these properties suggested hydrous oxide ion exchangers 

EXPERIMENTAL 

Preparation and Characterization of Catalysts 

of the hydrous oxides, was chosen for exploratory testing. Titanate 
catalysts were prepared by exchanging the sodium ions of a hydrous 
oxide titanium compound, generically called sodium titanate (ST), 
with the desired metal ions in aqueous solution. ST was prepared by 
reacting tetraisopropyl titanate with sodium hydroxide in methanol, 
hydrolyzing the solution in a water acetone mixture and drying the 
resulting precipitate at ambient temperature under vacuum. The 
preparation steps may be illustrated as follows: 

(1) Ti(OC3H7)4 + NaOH -Soluble Intermediate 

The titanate system, the best characterized and least expensive 

CH30H 

acetone H?O -[NaTi 0 K] 2 5  x (2) Soluble Intermediate 

(3) 2[NaTi205HIx + XNi(aq)-2xNa + [Ni(Ti205H)2Ix 

* This work supported by the U. S. Dept. of Energy, Contract NO. 
DE-AC04-76DP00789. 
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A typical ST product is an amorphous fluffy powder, which 
contains approximately 20% residual volatile constituents, 
predominately water and minor amounts of alcohols. The titanates of 
other metals, formed by exchange of the sodium ions, were found to 
have the same morphology and volatile content as the starting ST 
material. Drying the titanates at elevated temperature resulted in 
loss of volatiles. Approximately 90% of the volatiles were removed 
at 20OoC and greater than 95% were removed after heating to 40OOC. 
X-ray diffraction and SEM work indicated that a transition from an 
amorphous to a crystalline form (rutile) occurs at approximately 
60OOC. This is supported by DTA and TGA studies, which showed a 
large exotherm with no corresponding weight change at the same 
temperature. 

Surface areas and pore volumes for several titanates have been 
measured by nitrogen BET and adsorption-desorption techniques. 
Surface areas for the material ranged from 150 to 300 m2/g and the 
desorption pore volumes from 0.24 to 0.41 cc/g. All of the 
titanates had bimodal pore volume distributions similar to the 
distribution illustrated for Ni titanate (total pore volume = 0.31) 
in Figure 1. For comparison, the unimodal pore volume distribution 
for a Ni/Mo on alumina catalyst, Shell 324, (total pore volume = 
0.44) is also shown. 

Materials, Apparatus and Procedure 

Liquefaction reactions were performed with Illinois No. 6 
(Burning Star) coal, SRC-I1 heavy distillate solvent from the Ft. 
Lewis Pilot Plant (1 :2  coal:solvent, by weight) and high purity 
hydrogen. Shell 324, a 2.7% Ni/13.2% Mo on alumina catalyst, 
currently used in integrated two stage liquefaction pilot plant 
studies (4), was ground to -200 mesh and used as a reference for 
comparison of catalytic activity. Control experiments were also 
performed without catalyst addition. 

of titanates, including Cr+?, Fe+31 Fe+2, NiP2, Pd+2, Mo*, 
Rh+3, R u + ~ ,  Cof2, Mn+2 and E u + ~ ,  three were chosen to test 
the effects of active metal, metal loading and post-preparation 
treatment on catalytic activity. 

duplication) was used to test the effect of active metal and metal 
loading on liquefaction activity. For these experiments, Nil Mo and 
Pd titanates with metal loadings of 1% and lo%, by weight of 
titanate, were used. Catalyst weight added to the reactor was 
adjusted so that liquefaction reactions with the 1% titanates were 
performed with 4 x moles of active metal and reactions with 
the 10% titanates with 4 x moles. To test the effects of 
catalyst post-preparation treatments, which result in loss of 
volatiles and surface area, and oxidation or reduction of the Ni, 
duplicate experiments were performed with the 10% Ni titanate heated 
for two hours at six conditions--300, 450 an6 700OC in air and 
hydrogen. Reference experiments with Shell 324 were performed with 
the same number of moles of active metal (Ni + Mo) as the 10% 
loading experiments. 

microreactors which were charged with 2.67 g of coal, 5.33 g SRC-11, 

As a result of screenin liquefaction ex eriments with a number 

A randomized factorial experimental plan (3 x 2 with 

All liquefaction reactions were performed in 40 cm3 

* Oxidation state not determined. 
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and powdered catalyst, pressurized to 800 psi9 (cold) with hydrogen, 
then heated to 425OC for 30 minutes and shaken at a150 cycles/min. 
during the heating period. Temperatures and pressures were 
accurately recorded with a digital data acquisition system during 
the course of the experiments. Following the heating period of each 
experiment, the reaction vessel was quenched to ambient temperature, 
the resulting pressure was recorded, a gas sample was taken, and the 
product slurry was subsampled for analysis. 

Product Analyses 

Gas samples were analyzed for mole percentages of CO, C02, 
H2S and C1-C4 hydrocarbons with a Hewlett-Packard 5710A gas 
chromatograph, which was calibrated with standard mixtures (Matheson 
Gas Products) of hydrocarbon gases in hydrogen. Hydrogen in the 
samples was obtained by difference as the remainder of the product 
gas mixture. The quantity of each gas produced was calculated from 
the mole percent in the gas sample and the post-reaction vessel 
temperature and pressure using an ideal gas law calculation. 
Hydrogen consumed during the reaction, obtained as the difference 
between the initial charge and hydrogen remaining after the reactor 
was quenched, was reported on a percent dmmf coal basis. 

The reaction product slurry was analyzed for insols, high 
molecular weight (mw) product, intermediate mw product and low mw 
product by tetrahydrofuran (THF) solubility and high performance 
liquid chromatography (HPLC). A 0.2 g subsample was mixed with 
about 50 ml of THF, filtered to obtain the weight of insols, and 
brought to 100 ml with additional THF. Chromatograms of 5 Uk 
aliquots of the filtrate were obtainei with a Waters Assoc. Model 
6000A solvent delivery system, a 100 A microstyragel gel permeation 
column, and a Model 440 uv absorbance detector. The uv absorbance 
response factors for the product groups were determined using 
calibration samples prepared by dissolving known weights of high 
(a 1000 g/mole), intermediate ( s  500 g/mole) and low (250 g/mole) mw 
coal-derived products obtained by preparative scale liquid 
chromatographic (gel permeation) separation of whole liquid product 
from liquefaction reactions performed under similar conditions with 
the same coal and solvent. Chromatogram area measurements and 
response factors were used to calculate the percentages of high, 
intermediate and low* mw products for the THF soluble product. r 

Conversion data were calculated on a dmmf coal basis, and included 
corrections for the conversion of the pyrite content of the coal to 
pyrrhotite and the loss of volatiles, if any, from the catalyst. 

I 

RESULTS AND DISCUSSION 

Previous statistical analysis of experiments with oil soluble 
catalysts (5) has shown that hydrogen consumption and conversion to 
low mw product may be used as quantitative measures of catalyst 
activity for coal liquefaction. Figures 2 and 3 illustrate the 
conversion to low mw product and hydrogen comsumption for the 
experiment with the 1 and 10% Ni, Mo and Pd titanates without 
post-preparation treatments. The values represented in the figures 
are the averages of duplicate experiments. Standard deviations were 
statistically determined to be 1.4% for conversion 

* % conversion to low mw product is approximately equivalent to 
pentane soluble product. 
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to low mw product and 0.13% for hydrogen consumption. As can be 
Seen from Figures 2 and 3, the ranking for metals effect with 
respect to both low mw conversion and hydrogen consumption is Pd > 
MO > Ni and with respect to metals loading is 10% > 1%. 

Results of a two way analysis of variance were used to make a 
quantitative comparison of performance. The effect of active metals 
(1 and 10% loadings averaged), were as follows: 

low mw product: 
Pd (47.7%) > Mo (45.3%) > Ni (43.0%) F = 10.8, P < .01; 

hydrogen consumption: 
Pd (1.86%) > Mo (1.65%) > Ni (1.35%) F = 22.4, P < .005, 

where F is the variance ratio and P is the probability of a chance 
occurrence of the result. These values may be compared with the 
results of experiments without catalyst addition (low mw product = 
26.8% and hydrogen consumption = 0.69%) and experiments with Shell 
324 (low mw product = 42.8% and hydrogen consumption = 1.88%). It 
was found that the 10% titanates averaged 3.2% qreater conversion (F 
= 10.8, P <  0.01) and 0.37% greater hydrogen consumption (F = 35.0, 
P <  .005) than the 1% titanates. 

Only one post-preparation treatment of the 10% Ni titanates was 
found to have a significant effect on catalytic activity. 
Experiments with the titanate heated to 7OOOC in air produced a 
conversion of 33.6% to low mw product and had a hydrogen consumption 
of 0.71% which was significantly lower than the values for the other 
treatments (45.2 1% and 1.5 +_ 0.2%). X-ray diffraction analysis 
of the post-preparation treated materials shows formation of 
NiTi03 for only the material heated to 7OOOC in air. The NiTi03 
formed probably cannot be reduced to Ni under liquefaction 
conditions and therefore is not available for catalysis of 
hydrogenation reactions. This has been supported by preliminary 
oxygen chemisorption experiments which show that the 700°C/air 
treatment produces a catalyst that has less than half the active 
nickel of the other materials. 

Although this preliminary study was brief in its scope, the, 
results indicate that catalysts prepared using hydrous metal oxide 
exchange compounds show promise for potential application to coal 
liquefaction processes. The initial activities of the titanates 
appear to be at least comparable to a commercial catalyst currently 
used in pilot plant liquefaction studies. Considering the 

, versatility of the hydrous oxide ion exchangers with respect to 
1 their potential for preparation of multi-metal loadings and 

adjustment of substrate acidity or basicity, it is possible that 
these materials can be used to produce improved catalysts for direct 
coal liquefaction and other hydrogenation processes. 
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INTEGRATED TWO-STAGE LIQUEFACTION PROCESS - SOLVENT QUALITY EFFECTS 
Eneo C. Moroni, Frank P. Burke*, Richard A. Winschel* and Bary W. Wilson** 
U.S. Department of Energy, Fossil Energy/Coal Liquefaction Technology Division, 
FE-34, E-338 Germantown, Washington, D.C. 20545 

**Pacific Northwest Laboratory, Battelle, Richland, Washington 99352 
*Conoco Inc., Coal Research Division, Library, PA 15129 

Introduction 

For the majority of the developed coal liquefaction processes the solvent 
is a portion of a selected liquefaction process stream, and not supplied 
from external sources, consequently a strict process control is needed to 
produce the required solvent balance and desired solvent quality. 

Problems in maintaining both solvent balance and solvent quality has been 
particularly associated with the development of the SRC I process. With 
the introduction of the Two-Stage Liquefaction process in which SRC I is 
upgraded and converted to a distillate product the solvent balance does not 
constitute a problem anymore and the solvent quality has been improved. 

Several modifications to the Two-Stage Liquefaction, which were dictated by 
important experimental results involving both the dissolution/hydrogenation of 
coal and the upgrading of the coal extract, led to a new process configuration 
in which first and second stages are interlocked in one integrated processing 
scheme. The major experimental results leading to these modifications are 
listed below: 

Coal extract produced at lower operating seve ty than SRC I is more 
responsive to subsequent catalyzed reactions. f i  
Coal extracts produced at low severity can be upgraded to fuel products and 
a recycle process solvent of consistantly high quality. 

Hydrogenated high boiling polyaromatics are syyerior hydrogen "donors" than 
compared to lower molecular weight tetralins. 

Nitrogen compounds inhibit catalytic hydrogenation of romatics and 
deoxygenation of oxygen containing compounds in coal. 

Phenols inhibih/catalytic denitrogenation of nitrogen compounds in coal or 
coal extracts. f 

Heteroatom compounds, are not easily recovered since they form strong I 

"adducts" with coals. 

Hydrogenated polyaromatics, which also form "adducts" with coals are readily 
produced in the course of coal liquefaction/coal extract upgrading operations, 
providing a constant supply of steadily high quality recycle process solvent. 

37 

The first Integrated Two-Stage Liquefaction (ITSL) process configuration included 
Short Contact Time (SCT) coal extraction to maximize low severity operation in 
the first stage and LC-Fining using Shell 324 NiMo supported catalyst to 

fTsL Process operating conditions were prompted by data obtained during actual 
rovide extensive removal of heteroatom compounds. Further modifications of the 
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operation in the 3/4 ton coal/day ITSL process development unit at C-E 
Lummus, Engineering Development Center in New Brunswick, N.J., and by 
computed data and refining requirement as ascertained by upgrading coal- 
derived distillates from other processes. The major conclusions from all 
these sources can be summarized as follows: 

- In a continuous operation the solvent fraction below 340-360°C is in vapor 
phase and participate little, if any, in the liquefaction of coal and also 
depresses the hydrogen partial pressure. Computed Vapor/Liquid equilibrium 
data confirm this fact. 
The -34OoC fraction constitutes the most valuable refinery feedstock, being 
within the boiling range of gasoline, jet and diesel fuels. 
The +34OoC fraction constitutes the best solvent quality for both dissolution 
of coal and hydrogen "shuttling." 

- 

- 

The most recent ITSL process configuration, which is described below, attempts 
to exploit modifications indicated by these experimental results. 

ITSL Process Flow Sheet 

The current flow scheme of the ITSL operation is shown in Figure 1. Coal, 
hydrogen and recycle solvent (the +343OC fraction) react in the SCT reactor 
which is actually the SRC I preheater operated at higher outlet temperature 
(45OOC). The gases and light oil are flashed off and the heavy oil (+343OC 
solvent/coal adduct) goes to the deasher. The deasher underflow containing 
virtually all of the ash and insoluble organic matter (IOM) goes to a vacuum 
flash, where the distillate portion goes overhead and combines with the deasher 
overflow. The ash/IOM containing flashed bottoms are drummed. Commercially 
this stream would go to a gasifier to generate the hydrogen for the process. 
The deasher overflow (cleaned +343OC solvent/coal adduct) combines with the 
vacuum flash overhead as feed to a continuous distillation column where the 
antisolvent is recovered overhead and the bottoms constitute the feed to the 
LC-Finer (LCFF) along with make-up hydrogen. 
Product:TLP) is atmos herically flashed to collect the -343 C high quality 
product, and the +343 C bottoms are recycled to the SCT solvent pool. In this 
manner, the only product leaving the process is the -343OC fraction which has 
petroleum refinery feedstock quality superior to some petroleum crudes (Table 1). 

The LC-Finer groduct (Total Liquid 

8 

Table 1 

Elemental Analysis 
ITSL - PRODUCTS AND RECYCLE SOLVENT 

C H 0 N S - - - -  
Naphtha (C -177OC) 86 13 0.4 0.08 Traces 

Recycle Solvent (+343Oc) 86 8 3.0 0.50 0.50 

phenols and nitrogen compounds are minor constituents of the process solvent 
compared to the level of polyaromatic hydrocarbons and they do not appear to 

Fuel Oil (177-343OC) 88 11 0.3 0.08 0.01 
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provide much contribution to the process solvent quality. 
several ITSL recycle operations, as the coal-derived solvent replaces the 
hydrogenate creosote oil initial solvent, reveal the decrease of heteroatom 
compounds and at the same time the increase of the solvent quality. It is 
difficult to correlate these two experimental evidences since the more powerful 
the solvent becomes the more phenols and nitrogen compounds, present in the coal, 
are dissolved and in turn they can contribute to further the dissolution of the 
coal. 

Bench-scale vacuum fractionation of the +343OC fraction of the recycle process 
solvent revealed that the heteroatom compounds, particularly nitrogen, are 
heavily concentrated in the +56OoC distillation bottoms. 

Data examination of 

Boiling Point versus Solvent Quality (Conoco Inc.) 

Relationship between boiling point and solvent quality was studied on a sample 
of ITSL recycle process solvent taken during steady state operation and in 
material balance. 
collected and analyzed by 
was used for kinetic and equilibrium microautoclave tests. 

Proton distribution of the distillate fractions are given in Table 2 along with 
the weight percent hydrogen for those fractions used in the microautoclave tests. 

Twenty-fwo distillate fractions of ca. 100 ml. each were 
H-NMR for proton distribution. Every third fraction 

Table 2 
Proton Distribution of Distillate Fractions 

OC WtHf Aromatics al + $  d( +o 8 
Fraction Boiling Point Condensed Cyclics Alkyls Alkyl 

-- - 
1 
4 
7 
10 
13 
16 
19 
22 

203 
323 
349 
383 
410 
423 
49 8 
514 

10.26 9.6 30.4 36.3 15.0 
9.33 15.7 34.3 29.7 12.6 
8.86 20.8 36.4 26.9 10.8 
8.20 26.8 34.4 24.3 9.4 
7.81 31.0 31.0 23.6 8.9 
7.32 35.8 29.3 21.7 7.7 
7.20 36.6 30.4 21.0 6.5 
6.70 36.2 30.6 20.5 5.5 

As the boiling point of the fractions increases the concentration of condensed 
aromatics increases from 8 to 39 percent. The results of the concentration of 
uncondensed aromatics are not shown since it decreases from 10 to 6 percent by 
the third fraction then remains fairly constant. 
alpha and beta (naphthenic) protons, which provide one measure of donor 
concentration, increases for the first ten fractions, then decreases continuously 
to 31 percent. The concentration of alkyl alpha, beta and gamma protons which 
provide a measure of paraffins content decreases over the range with boiling 
point. 
point. 

Microautoclave tests were carried out at 1000 psig (cold) nitrogen pressure, and 
are shown in Figure 2. At kinetic conditions, conversion increases sharply with 
boiling point to approximately 35OoC (fraction 7) then the rate of increase 
lessens to 514OC (fraction 22). 

The concentration of cyclic 

Weight percent hydrogen decreases monotonically with increasing boiling 
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The increase in kinetic conversion is attributed to €he increase in aromaticity 
of the solvent with increasing boiling point as the H-NMR data have shown. At 
the equilibrium conditions, conversions increase with boiling point to about 
87 percent at 40O0C, then decrease to 83 percent at 50OoC. 
lest is designed to give a measure of donor content of  the solvent and the 
H-NMR data on the cyclic/alkyl aliphatic proton ratio gives a relative 
measure of donor content in solvents with comparable hydrogen contents. 
cyclic/alkyl ratio increases from 0.56 to 1.18 as the boiling points of the 
solvents increase. 
fractions decrease from 10.26 to 6.70 percent (Table 2). 
of equilibrium test conversions vs. boiling point is caused by two opposing 
factors, i.e., increasing cyclic/alkyl ratio and decreasing total hydrogen 
content. The net effect of these opposing factors is to produce a maximum 
conversion at about the 375-425OC boiling point range. 

The equilibrium 

The 

On the other hand the total hydrogen contents of the 
The shape of the curve 

ITSL Process Solvent Components (Battelle PNL) 

Total ion GCMS chromatograms show the unusual configuration of the ITSL recycle 
process solvent at steady state operation. The chromatogram of the deashed SCT 
extract which is also known as LC-Finer feed (LCFF) represented in Figure 3 shows 
that the solvent has donated a large portion of his hydrogen to the coal, as few 
large peaks of distinguishable aromatic compounds have appeared. 
peaks identified were phenanthrene, pyrene, chrysene and also benzo(a) pyrene and 
anthathrene. These compounds seem to grow dominant as the solvent recycles and 
its hydrogen donor quality improves. 
second stage LC-Finer and converted to Total Liquid Product (TLP). 
chromatogram of TLP is shown in Figure 4 in which the major peaks disappear, more 
likely due to conversion of the parent hydrocarbons to a variety of hydrogenated 
derivatives, except for the pyrene peak, which is only slightly hydrogenated. 

Conclusion 

The peculiar behaviour of  polyaromatic hydrocarbons under catalytic hydrogenation/ 
hydrocracking condition, leads to a variety of speculative thoughts on the role 
of each individual variety in coal liquefaction. 

On the basis of preliminary data some tentative statements and speculative thoughts 
are presented below with the particular objective of guiding further experimental 
studies on the nature of the ITSL process recycle solvent at equilibrium: 

o 

o 

Among major 

The LCFF stream is hydrotreated in the 
The GCMS 

The ITSL equilibrium process solvent is largely constituted by a few major 
polyaromatic hydrocarbons and related hydrogenated moieties. 
The possibility exists now to reproduce the ITSL equilibrium process solvent by 
using few model compounds, i.e., hydrogenated phenanthrenes, chrysene and 
perhaps pyrene and their alkyl derivatives. 
Reacting the above model solvents of different hydrogen contents with aromatic 
model compounds representing coal as hydrogen acceptor e.i., anthathrene and 
pyrene and their alkyl derivatives, a researcher can better simulate the 
reaction between the actual solvent and the coal. 
practically all the hydrogen is very rapidly donated by the process solvent and 
very little, if any, via hydrogen gas. Consequently, the SCT coal extraction 
should not be affected by gas-slurry flow-dynamics and in turn bench-scale and 
scale-up operations should have excellent correlation, as one of the major 
differences is removed. 

o 

o 
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Figure 1 
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Figure 2 
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Figure 3 
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